Incorporating Interlocked Molecules into Self-Assembled Monolayers by Bolla, Michael Alexander
University of Windsor
Scholarship at UWindsor
Electronic Theses and Dissertations
2014
Incorporating Interlocked Molecules into Self-
Assembled Monolayers
Michael Alexander Bolla
University of Windsor
Follow this and additional works at: http://scholar.uwindsor.ca/etd
This online database contains the full-text of PhD dissertations and Masters’ theses of University of Windsor students from 1954 forward. These
documents are made available for personal study and research purposes only, in accordance with the Canadian Copyright Act and the Creative
Commons license—CC BY-NC-ND (Attribution, Non-Commercial, No Derivative Works). Under this license, works must always be attributed to the
copyright holder (original author), cannot be used for any commercial purposes, and may not be altered. Any other use would require the permission of
the copyright holder. Students may inquire about withdrawing their dissertation and/or thesis from this database. For additional inquiries, please
contact the repository administrator via email (scholarship@uwindsor.ca) or by telephone at 519-253-3000ext. 3208.
Recommended Citation
Bolla, Michael Alexander, "Incorporating Interlocked Molecules into Self-Assembled Monolayers" (2014). Electronic Theses and
Dissertations. Paper 5217.
 
 
 
 
Incorporating Interlocked Molecules  
Into Self-Assembled Monolayers 
 
 
 
 
 
By 
 
 
Michael Bolla 
 
 
 
 
 
 
 
A Dissertation 
Submitted to the Faculty of Graduate Studies 
through the Department of Chemistry and Biochemistry 
in Partial Fulfillment of the Requirements for 
the Degree of Doctor of Philosophy 
at the University of Windsor 
 
 
 
 
 
 
Windsor, Ontario, Canada 
 
 
2014 
 
 
 
 
 
© 2014 Michael Bolla 
 
 
 
Incorporating Interlocked Molecules into Self-Assembled Monolayers 
 
by 
 
Michael Bolla 
 
 
 
 
APPROVED BY: 
 
 
 
__________________________________________________ 
J. Wisner, External Examiner 
Western University 
 
 
__________________________________________________ 
D. Haffner 
Great Lakes Institute for Environmental Research 
 
 
__________________________________________________ 
H. Eichhorn 
Department of Chemistry & Biochemistry 
 
 
__________________________________________________ 
J. Rawson 
Department of Chemistry & Biochemistry 
 
 
__________________________________________________ 
T. Carmichael, Co- Advisor 
Department of Chemistry & Biochemistry 
 
 
__________________________________________________ 
S. Loeb, Co- Advisor 
Department of Chemistry & Biochemistry 
 
 
 
 
        October 9, 2014 
iii 
 
Declaration of Originality 
I hereby certify that I am the sole author of this dissertation and that no part of 
this dissertation has been published or submitted for publication. 
I certify that, to the best of my knowledge, my dissertation does not infringe upon 
anyone’s copyright nor violate any proprietary rights and that any ideas, techniques, 
quotations, or any other material from the work of other people included in my 
dissertation, published or otherwise, are fully acknowledged in accordance with the 
standard referencing practices. Furthermore, to the extent that I have included 
copyrighted material that surpasses the bounds of fair dealing within the meaning of the 
Canada Copyright Act, I certify that I have obtained a written permission from the 
copyright owner(s) to include such material(s) in my dissertation and have included 
copies of such copyright clearances to my appendix.  
I declare that this is a true copy of my dissertation, including any final revisions, 
as approved by my dissertation committee and the Graduate Studies office, and that this 
dissertation has not been submitted for a higher degree to any other University or 
Institution. 
 
 
 
 
 
iv 
 
Abstract 
This dissertation presents the design, synthesis and characterization of a set of 
bis(pyridinium)ethane and dibenzo-24-crown-8 based systems that form self-assembled 
monolayers on a gold substrate.  Chapter 1 introduces the concept of interpenetrated and 
interlocked molecules, molecular machines and self-assembled monolayers with 
representative examples found in the literature.  Chapter 2 provides an introduction to the 
various surface characterization techniques that were employed.   
 In chapter 3, an interpenetrated system capable of forming self-assembled 
monolayers on a gold substrate is described.  The chapter begins with the design and 
synthesis of the linker molecule.  The recognition site was then synthesized, stoppered at 
one end with 3,5-lutidine and terminated at the other end with a thioacetate protected 
mercaptoundecanoic acid.  SAMs were formed and characterized through RAIRS.  While 
confirmation of SAM formation was acquired, evidence that the macrocycle was present 
could not be obtained.   
 Chapter 4 describes the synthesis and characterization of slippage [2]rotaxanes.  
The rotaxanes were stoppered at one end with cyclohexyl isonicotinate and the other end 
with a 3,5-substituted phenyl ring.  The kinetic and thermodynamics showed association 
constants strong enough to isolate the [2]rotaxanes with substituted DB24C8 
macrocycles.  The synthesis was redesigned with diphenylmethyl as a protecting group 
since it is able to be removed without damaging the recognition site.  SAMs, with and 
without the macrocycle, were formed and characterized using RAIRS, EIS, XPS, and 
contact angle measurements.  The SAMs formed were seen to be loosely packed, even 
more so when the rotaxane was present. Attempts to remove the macrocycles after SAM 
v 
 
formation were conducted.  While this may have been successful, it was unclear due to 
intercalation of DMSO into the SAM.   
 Chapter 5 describes attempts to improve the packing of the SAM by using a co-
adsorbent.  Mixed SAMs were formed with the slippage system, using 
mercaptoundecanoic acid as the co-adsorbate.  The mixed SAMs were characterized at 
various ratios of the adsorbates.  After determining the ideal ratios of each compound for 
the best packing of the SAM, further attempts at removal of the macrocycle were 
conducted using DMSO, however, intercalation of DMSO into the SAM was still an 
issue.   
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 Chapter 1 
Introduction 
1.1 Mechanically Interlocked Molecules 
1.1.1 What is Supramolecular Chemistry? 
In traditional chemistry, molecules are held together by covalent bonds.  Covalent 
bonds consist of electrons that are shared between the atoms involved.  Supramolecular 
chemistry is commonly referred to as “the chemistry beyond the molecule” or “the 
chemistry of molecular assemblies and of the intermolecular bond” as stated by Jean 
Marie Lehn.1 It therefore, involves the assembly of multiple chemical species held 
together through  non-covalent, intermolecular interactions 
Supramolecular chemistry involves the use of the various different types of non-
covalent interactions between the molecules to hold them together.  Non-covalent 
interactions mainly involve dipole or electrostatic interactions and are generally weaker 
and more labile then covalent bonds.  The most commonly occurring non-covalent 
interactions are hydrogen bonding, electrostatic interactions, donor-acceptor interactions, 
and Van der Waal interactions as portrayed in Table 1-1.2 
Due to the labile nature of non-covalent interactions, supramolecular chemistry is 
often treated as a dynamic chemistry.  The individual components can dissociate and 
associate reversibly.  As a result, they can exchange and rearrange their components and 
adapt their structure and constitution in response to stimuli, either external or internal, 
including both chemical and physical stimuli.  This is known as constitutional dynamics 
or adaptive chemistry.3   
2 
 
Non-Covalent Interaction Strength (kJ/mol) Example 
Hydrogen Bonding 5-250 DNA 
Ion-Ion Interactions 200-300 KCl 
Ion-Dipole Interactions 50-200 K+ 18-Crown-6 Ether 
Dipole-Dipole Interactions 5-50 Ketones 
π-π stacking 0-50 benzene 
Van der Waal <5 aliphatic chains 
 
Table 1-1 – A list of the various non-covalent interactions and their relative strengths 
1.1.2 Host Guest Interactions 
Supramolecular complexes consist of two or more covalently bound molecules 
which are commonly classified as either a host or guest molecule.  The host molecule is 
the molecule that has the potential for non-covalent interactions that, in general, are 
convergent.  Conversely, the guest molecule(s) has potential non-covalent interactions 
that are divergent as depicted in Figure 1-1.  
                      
                      Host              Guest      Complex 
Figure 1-1 – An illustrated example of host (red) – guest (blue) interactions in the 
formation of a supramolecular complex 
1.1.3 Interpenetrated and Interlocked Molecules 
Of the wide variety of host – guest systems that are being studied, one which 
holds a lot of interest in the field is that of interpenetrated and interlocked molecules.  In 
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these systems, there is a linear guest molecule (axle) which “threads” into a ring-like host 
molecule (wheel).  These complexes fit into three different categories, which are 
pseudorotaxanes (interpenetrated molecules), rotaxanes (interlocked molecules) and 
catenanes.  
1.1.4 Pseudorotaxanes 
A pseudorotaxane is made up of a linear guest molecule that is threaded into the 
cavity of a macrocyclic compound.  The design of these types of systems involves the 
inclusion of numerous non-covalent interactions in order to encourage complexation to 
occur.  As shown in Figure 1-2, the axle (blue) contains a recognition site that is 
complementary to that of the wheel (red) in such a way as to favour complexation 
between the host and the guest.  It is worth noting that this system is always in 
equilibrium with its individual components.  As a result of this, a pseudorotaxane is never 
permanently locked together, hence it is described as interpenetrated rather than 
interlocked. 
 
Figure 1-2 An illustrated of the formation of a [2]pseudorotaxanes from its individual 
components.   
 
A number of different pseudorotaxanes have been synthesized over the past few 
decades, making use of the numerous non-covalent interactions available.  The example 
in Figure 1-3a, which undergoes a photo-induced electron transfer caused by the 
threading process, consists of a crown ether host and an ammonium based guest 
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molecule. The hydrogen bonding between the hydrogen atoms of the ammonium ions and 
the oxygen and nitrogen in the wheel are the most prominent.  It also contains π stacking 
between the aromatic rings on both sides of the complex. The second example contains 
exposed nitrogen atoms on the pyridine rings which allow for post-modification after the 
complex has formed.  It contains hydrogen bonding between the oxygen and hydrogen 
atoms on the ethylene bridge, ion-dipole interactions between the pyridinium -atom and 
the crown ether O-atoms, as well as π stacking between the electron-poor axle and 
electron-rich wheel.    
 
a)
O
H
O
N
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O O
O
H
    b)  
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O
O
O
O
O
O
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N
 
Figure 1-3 – Examples of [2]pseudorotaxanes by a) Das et al4 and b) Loeb et al5 
1.1.5 Rotaxanes 
A rotaxane is very similar to a pseudorotaxane except for one major difference.  It 
cannot come apart.  The linear component is capped on both ends with a bulky group 
commonly referred to as a stopper (green sphere in Figure 1-4).  It is these stoppers that 
prevent the macrocycle from sliding off of end of the axle.  As a result, the macrocycle 
and the linear molecule are no longer held together through supramolecular interactions, 
but are mechanically locked together.   
5 
 
 
Figure 1-4 An illustrated example of a [2]rotaxane 
1.1.6  Synthetic Routes for Rotaxanes 
 There are three basic methods by which a rotaxane is formed, namely threading6, 
clipping7, and slippage8 as illustrated in Figure 1-5. 
Of the three synthetic routes to prepare rotaxanes, the one most commonly used is 
threading followed by stoppering.  This is a two step process, which starts with the 
formation of the corresponding pseudorotaxane.  The linear axle molecule, is “threaded” 
into the macrocycle forming the pseudorotaxane.  From there, the axle is modified by 
adding a bulky stopper group at each end, usually through covalent bonds or metal ligand 
interactions.  This stopper group is designed to be so bulky that it prevents the 
macrocycle from coming off, resulting in rotaxane formation.  This method of rotaxane 
synthesis relies on a strong association between the axle and the macrocycle in order to 
form the necessary pseudorotaxane and prevent the wheel from coming off while the 
stopper is being added.  Normally, a lot of favourable host guest interactions are 
necessary for this method to be viable, however, in some cases, the equilibrium can also 
be shifted with an excess of the wheel to favour pseudorotaxane formation.    
 The second method, clipping, involves building the host around a preformed, 
dumbbell shaped guest molecule.  The preformed guest molecule already has the stopper 
groups attached so that the host wheel cannot come off (or on) once completely 
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synthesized.  A partially synthesized host is added that interacts with the axle, forming a 
non-interpenetrated host-guest interaction.  From there, the synthesis of the host is 
completed by closing the ring covalently as shown in Figure 1-5b.  The host wheel 
molecule is trapped around the dumbbell guest molecule and a rotaxane is formed.     
 The final method of rotaxane formation is slipping.  It involves starting with both 
preformed guest and host molecules.  The stopper groups prevents (or greatly reduces) 
threading from occurring.  Upon heating, the host molecule has enough energy to just 
“slip” over the stoppers and form the pseudorotaxane.  Once the system reaches 
equilibrium, the system is cooled down.  This locks the host molecule around the guest 
since there is no longer enough energy in the system for the host to easily “slip” over the 
guest molecule.  From there, any unreacted host and guest molecules can be removed, 
resulting in pure rotaxane. 
 
 
Figure 1-5 – An illustrated example of the three synthetic routes for [2]rotaxane 
formation.  a) threading followed by stoppering, b) clipping, and c) slippage  
 
 
a)         2 
 
 
 
 
 
b) 
 
 
 
     ∆ 
   
      
c) 
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1.1.7 Nomenclature  
The nomenclature that is commonly used when referring to a rotaxane involves 
placing a number before the word rotaxane.  This number is used to refer to the number 
of molecular components that the system is composed of.  The simplest type of rotaxane 
is the [2]rotaxane as seen in the Figure 1-4.  It consists of one axle component and one 
wheel component.  Some larger number rotaxanes have been prepared.   These 
complexes can exist in various forms, containing multiple axle or wheel components, or 
even multiples of both axle and wheel components.  For example, [3]rotaxanes can either 
consist of a) one wheel that contains two axle molecules threaded through it or b) one 
axle with two wheels surrounding it.  This naming system applies to pseudorotaxanes in a 
similar manner. 
1.1.8 Recognition Sites 
O
O
O
O
O
N
N
O
O
O
O
O
 
Figure 1-6 – A paraquat(blue)  based  recognition site designed by Stoddart and 
coworkers 
 
 It was first shown by Stoddart9 that a paraquat dication (PQT2+) complexes 
strongly with bis(paraphenylene)-34-crown-10 (BPP34C10) crown ether (Figure 1-6).  
The system has π stacking interactions, ion-dipole interactions between the pyridinium 
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nitrogen atoms and the lone pairs of the oxygen atoms and hydrogen bonding between 
methyl hydrogen atoms and the oxygen atoms in the ring.   
 There are numerous different recognition sites that are currently being used for 
pseudorotaxane and rotaxane synthesis. The most common ones usually consist of a 
group containing a charged nitrogen atom on the axle and crown ether as the wheel.  
Some examples of this are shown in Figure 1-3.  The second example, by Loeb and 
Wisner, is similar to that of Stoddarts paraquat complex, with the 1,2-
bis(pyridinium)ethane dication acting as the axle and dibenzo-24-crown-8 (DB24C8), a 
smaller macrocycle then BPP34C10, as the wheel. The complex and all of its non-
covalent interactions are depicted in Figure 1-7, including the appropriately sized t-butyl 
benzyl stopper groups. 
Figure 1-7 – The Recognition motif by Loeb and Wisner 
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bonding 
ion-dipole 
interactions 
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1.2 Molecular Switches based on MIMs 
1.2.1 Molecular Machines 
 A machine is commonly referred to as a tool or device that performs a certain 
action usually with the consumption of energy.10  Initial molecular machines were often 
described as molecules, or a number of discrete molecular entities, that carry out a 
function that is comparable to something that a machine would accomplish in the 
macroscopic world.  Some of the first molecular machines performed a function that 
resembled that produced by pistons.   
As defined by Leigh11, molecular machines consist of a functional molecular 
system which is able to translate a controlled change in amplitude or directional of 
mechanical motion of one component relative to another into some sort of useful work.   
The motion can be the result of a covalent change (the breaking and forming of bonds) or 
non-covalent change (breaking and forming of various non-covalent interactions), 
however, for a fully functioning molecular machine, it must be able to return to its initial 
state.   
There are various types of mechanical motion, namely; 
1. Brownian motion 
2. Threading 
3. Switching 
4. Opening/Closing and Translocation 
5. Circumrotational 
6. Translational 
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7. Rotational 
1.2.2  Brownian Motion 
 Brownian motion, otherwise known as spontaneous motion, is the random thermal 
motion that every molecular-scale object undergoes.  It is something that cannot be 
avoided as it is a result of scale and not in any way due to the design of the system.  As 
long as there is some thermal energy (> 0K) in the system, it will undergo Brownian 
motion.   
 Brownian motion can be dealt with in one of two different ways.  Systems can be 
designed that either utilize it or that fight against it.  As of yet, any way of utilizing 
Brownian motion in molecular machines has not been discovered.  There are numerous 
thought experiments that have been devised that utilize Brownian motion, such as 
Maxwell’s Demon and Smoluchowski’s trapdoor, but there exists no known way of 
actually creating them.11   
 1.2.3 Opening, Closing and Translocation 
Opening, closing and translocation is a type of motion that involves structural 
changes to the system that are usually extensively conformational in nature.  These 
changes can cause a molecule to open or close, effecting reactivity, or assist in 
transporting molecules.  The most common of this type of motion are classified as 
allosteric systems12, tweezers13 and ion-transport channels14.   Allosteric systems undergo 
a conformational change when another molecule binds to them.  This commonly occurs 
in biological systems such as proteins and enzymes.  
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The molecular system by Tobe15 and coworkers (Figure 1-8) displays this type of 
motion.  This molecule exists in an open or closed form which can be reversibly 
interconverted through the use of light (open to closed) or heat (closed to open).  The 
main difference between these two forms is the size of the cavity, which impacts what 
guest molecules can be bound in the macrocycle 
O
O O
O
O
OO
O
O
O O
O
O
OO
O
hv
∆
 
Figure 1-8 – The open (left) and closed (right) forms of a molecular machine based on a 
crown ether ring.15 
 
1.2.4 Threading and Dethreading 
 Threading occurs primarily in 11 upramolecular complexes called 
pseudorotaxanes which was discussed in section 1.1.4.   
1.2.5 Linear Motion – Shuttles 
 Molecular systems based upon linear movement are often called molecular 
shuttles.  The most common used when designing and synthesizing these systems are 
rotaxanes.  Rotaxanes, as discussed in section 1.1.5, consist of a linear axle with two 
large stopper groups at each end which prevent the macrocycle from coming off.  A 
shuttle differs from the rotaxane shown with the addition of a second recognition site for 
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the macrocycle to bind to.  The macrocycle, as shown in red in Figure 1-9, can bind to 
either the light or dark blue recognition sites found on the axle.  
Some of the simplest and earliest molecular shuttles consist of two recognition 
sites where the macrocycle shuttles between the two states spontaneously, either due to 
the use of similar recognition sites or a lack of an ability to control the shuttling process.  
Since then, control has been added to many shuttles, usually either chemically, 
electrochemically or photochemically.  Stoddart and coworkers have developed many 
molecular shuttles, one of which is depicted in Figure 1-10.  That system has two 
different recognition sites, the 4,4’-bipyridnium site and the secondary ammonium ion  
When acidified, the macrocycle, dibenzo-24-crown-8, preferentially rests over the 
ammonium ion.  When base is added, the ammonium ion is neutralized, the interactions 
between the crown ether and the recognition site are reduced significantly, causing the 
crown ether to now preferentially rest over the 4,4’-bipyridinium site.  The addition of 
acid causes the ammonium site to reform and the crown ether shuttles back to the 
ammonium ion.  The result is a reversible and controllable molecular shuttle.16    
 
 
 
Figure 1-9 – An illustrated example of a molecular shuttle   
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Figure 1-10 – A molecular shuttle designed by Stoddart and coworkers16 
1.2.6 Flip Switches 
 A flip-switch is a type of rotaxane that possesses two different states, similar to 
that of shuttles, however, unlike shuttles, both states are around a single recognition site.  
The two different conformations are shown in Figure 1-11.  The macrocycle binds to the 
yellow recognition site.  The axle has two different stopper groups, depicted as green and 
blue spheres.  Similarly, the macrocycle possesses two different groups, one at each end, 
depicted as green and blue discs.  The system can exist in two different conformations, 
one where the sphere and disc on the same side are similar in colour, and one where the 
colours are different. 
       
Figure 1-11 – An illustrated example of a flip-switch  
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Work on these systems was done primarily by Loeb and coworkers.17  One of the 
more recent examples is shown in Figure 1-12.  The axle consists of a t-butyl benzyl 
stopper on one side and a dimethyl benzoate on the other.  The macrocycle, dibenzo-24-
crown-8, has been substituted on one side with two methoxy groups.  This system 
contains a charge transfer chromophore which produces unique colours for each state, 
allowing for the determination of the ratio of conformers using UV-vis spectroscopy.   
O
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Figure 1-12 – A flip-switch system developed by Loeb and coworkers 17 
1.2.7 Circumrotational Motion (Catenanes) 
 A catenane is a molecular system that consists of two or more macrocyclic 
components which are held together mechanically and are unable to disassociate without 
breaking a covalent bond.  These systems are generally synthesized using the template 
15 
 
effect.  One macrocycle is synthesized around the other in a manner similar to clipping 
for rotaxane synthesis.   
In order for a catenane to behave as a molecular machine, one of the macrocycles 
must contain at least two different recognition sites.  Also, it must be switchable in a 
controlled and reversible manner, as depicted in Figure 1-13.18  
 
Figure 1-13 – An illustrated example of a [2]catenane capable of molecular motion 
1.2.8 Rotary motion 
 Artificial molecular rotors are capable of undergoing unidirectional 360o rotary 
motion repetitively under the influence of an external stimulus.  The design and synthesis 
of these types of systems is extremely difficult and challenging.  Currently, most artificial 
rotors are designed around the rotation about a sterically hindered carbon-carbon double 
bond which can be controlled through light induced rotation.   
Of these systems, the most notable examples were developed by Feringa and 
coworkers.  His system possesses an overcrowded alkene, which results in a helical 
arrangement between the rings.   Upon exposure to light (above 280 nm) it undergoes a 
180o rotation about the double bond.  With the addition of thermal energy, a helical 
inversion occurs which allows for a continued rotation to occur.  Upon exposure to light 
and sufficient thermal energy for the helical inversions to occur, the system will undergo 
continuous unidirectional rotation as shown in Figure 1-14. 19     
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Figure 1-14 – A unidirectional rotor as designed by Feringa and coworkers19 
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1.3 Thin Films and Self Assembled Monolayers 
1.3.1 Langmuir-Blodgett films 
One of the earliest thin films that was discovered and well studied is known as a 
Langmuir-Blodgett (LB) film.  Langmuir completed the first systematic studies of 
monolayers on the interface, focusing on the air-water interface.20  Blodgett studied the 
deposition of said monolayers on a solid substrate.20  In the LB technique, a molecular 
film is compressed in order to achieve a densely packed monolayer at the air-water 
interface.  The monolayer is then physisorbed on a solid substrate using the displacement 
of a vertical plate, a process known as vertical deposition.  This process can be performed 
at very high deposition rates.  While effective, LB films have a few drawbacks.  Very 
specific conditions are required for the film to form and the monolayer is merely 
physisorbed to the solid substrate, so desorption is a strong possibility.20 
1.3.2 Self-Assembled Monolayers 
 Self-assembled monolayers (SAMs) are thin films that are formed spontaneously 
upon immersion of a substrate into a solution of the desired components.  SAMs, unlike 
LB films, are chemisorbed to the surface, through either covalent or ionic bonds.  Some 
of the first self-assembled monolayers were created by Zisman et al. They exposed a 
glass surface to hexadecanol and found that it formed monolayer films with wetting 
properties resembling those of Langmuir Blodgett films.21   
 A self-assembled monolayer consists of four basic components, shown in Figure 
1-15.  The first component is the substrate.  This is the surface that the monolayer binds 
to.  The substrate has a strong influence on the packing of the SAM.  The head-group, 
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shown in green, serves as the binding agent between the monolayer and the substrate.  
This normally consists of a strong bond such as Si-O or S-Metal bond.  The spacer group, 
shown in gray, separates the head group from any functional groups of interest, usually 
found in the tail group, helping to prevent any unwanted interactions between the tail 
group and the substrate.  Its other main purpose is to provide stabilizing interactions 
between the molecules, which lowers the overall energy of the system, promoting 
monolayer formation.  This is usually accomplished through the use of alkane chains 
which have the potential for numerous Van der Waals interactions.  The final component 
is the tail group.  It is this group which defines the physical properties of the surface and 
determines its reactive properties as well.   
 
Figure 1-15 An illustrated example of a well packed SAM  
1.3.3 Alkyl Silane Self-Assembled Monolayers 
 Some of the earliest SAMs discovered were formed using a silicon dioxide 
substrate.  Alkyl silane SAMs are formed by taking a hydroxylated surface substrate 
(usually a silicon wafer) and exposing it to a solution of an alkyltrichlorosilane.  The 
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trichlorosilane reacts with the hydroxyl groups to form covalent Si-O bonds with the 
substrate.  It also reacts with any trace water that is present to form Si-O-Si connections 
between the molecules.  As a result of this, the monolayer can be considered as a 
polysiloxane layer cross-linked along the substrate.  This makes the monolayer very 
stable and able to be exposed to most organic solvents (aside from basic media).  The 
major downside to these SAMs is their reproducibility.  There is a lot of inconsistency 
from sample to sample since the trace amount of water present is difficult to keep 
consistent and aggregation of the silanes prior to SAM formation can occur.  This is less 
of an issue in industry where the monolayer does not need to be completely uniform as 
long as it performs the desired function.  When studied in a laboratory setting, lack of 
reproducibility makes characterization difficult to accomplish. 20 
1.3.4 Thiol Self-Assembled Monolayers  
The thiol moiety is capable of forming strong covalent bonds with various metals.  
The most commonly used are Au, Ag, and Cu.20  When alkanethiols are exposed to a 
metal surface, it is this strong covalent interaction that promotes the formation of a SAM 
that is not only stable, but is also usually densely packed and uniformly oriented.  SAMs 
formed with thiols do not suffer with as many issues as the siloxane SAMs do.  The 
major advantages are that they are reproducible and have a larger variety of functional 
groups that they are compatible with. 
1.3.5 The Gold Surface 
 As mentioned, thiols can form SAMs with various metal substrates.  However, 
each metal produces different geometries, packing densities, electronic aspects, and 
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tolerance for various tail groups. Of all of the surfaces that are used to make SAMs with 
alkanethiols, the most commonly used metal is gold.  The main reason for this is that gold 
is easy to use as a substrate.  It forms a very strong bond with sulphur (45 kcal/mol)22 
and, as a metal, gold is relatively inert, making it ideal for use under ambient conditions.  
It will not form an oxide layer and most contaminants are easily displaced by incoming 
thiols.  As a result, SAMs on gold can be formed taking very few extra precautions 
beforehand.   
Gold surfaces for SAMs can be formed using gold foil, physical vapour 
deposition, electrodeposition, or electroless deposition23.  Of those, the most common 
method used to form the gold surface is physical vapour deposition, which is evaporation 
of the gold using an electric current, followed by deposition of the evaporated gold onto 
the desired substrate.  It is generally done under an ultra-high vacuum (< 10-5 Torr) where 
a current heats up the gold sample to the point of evaporation.  The current is applied by 
either applying a voltage across a tungsten filament that is supporting the gold or by 
shooting an electron beam directly at the gold.  Physical vapour deposition is 
advantageous because it is a relatively cheap process, excluding the initial cost for the 
equipment itself, and it forms extremely pure surfaces.    
The gold is commonly evaporated onto glass slides, silicon wafers, or mica.  
However, gold does not inherently bind to these materials, so an interim layer is required.  
A thin layer (1-10 nm) of either chromium or titanium is used to hold these two materials 
together.   
 Gold surfaces formed through evaporation have a polycrystalline structure with a 
(111) texture.  The surface consists of a rolling hill topology with peak to valley heights 
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of approximately 3 nm between the grains as determined through atomic force 
microscopy (AFM).24 
1.3.6 SAM Formations – Kinetics and Thermodynamics  
 The main thermodynamic factors that affect the formation of SAMs can be broken 
down into several components: 
• The thiol interaction with the metal surface 
• The Van der Waal interaction between the spacer groups 
• Interactions between the tail groups of adjacent adsorbents 
The different regions of the monolayer are in competition to form the most stable 
macroscopic organization of the SAM.  Most commonly, it is the thiol-metal interaction 
that heavily determines the organization, however, depending on the design of the 
adsorbate, other interactions can take priority.20 
In terms of kinetics, SAM formation consists of two basic steps: 
• Formation of the Au-S bond 
• ‘Annealing’ of the aliphatic chain 
The formation of the Au-S bond is generally considered to be the faster step in the 
formation process.  It has been shown using quartz crystal microscopy that for various 
alkanethiols the formation of the Au-S bonds in a SAM are complete mere minutes after 
the substrate was immersed in a solution of the thiol.20 
The second step, which is often called annealing, is most often the limiting step.  
It is in this step that the alkane chains reorganize into the most stable form, where the 
alkyl chain is predominately trans extended and tilted relative to the gold surface.  The 
time frame for this step can vary significantly, starting at hours and taking as long as 
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several days.25   The design of the head and tails groups, as well as the length of the 
spacer group all significantly impact this process.  
1.3.7 SAM Structure 
 Alkanethiols form a densely packed crystalline monolayer with a homogenous 
interfacial layer at the surface.  On Au(111), the sulphur adopts a (√3x√3)R30o 
configuration as defined using Woods notation with an inter-chain spacing of 5Å, 
depicted in Figure 1-16.  Five angstroms is too far apart to provide and stabilizing 
interactions between the alkyl chains.  As a result, the alkyl chains tilt relative to the 
surface, reducing the average distance between the chains. 
a)   b)  
Figure 1-16 An illustration of a) the surface structure of Au(111) and b) the  packing of 
thiols, shown in red, onto a Au(111)surface  
 
 The length of the alkane plays a strong role in the overall arrangement of the 
SAM.  A long chained alkanethiol will usually be all trans extended with a 30o tilt angle 
and a relative homogeneous surface.  Shorter chains (n<11) are more disordered, with a 
larger number of gauche conformers.  As a result, the SAM is not as well packed and this 
results in a SAM that is less crystalline and more liquid-like with fewer tail groups 
exposed at the surface 
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1.3.8 Bulky Tail Groups 
Often, tail groups with a more complex structure are used when forming SAMs.  
These larger tail groups are of interest because they provide excellent sites for further 
reactivity after the SAM has been formed.  Any sites with a size comparable or smaller to 
that of a single 6-membered ring are not likely to affect packing since that is comparable 
to that of the size of the polymethylene chain itself.  Anything larger than that will begin 
to sterically hinder any dense packing.  This results in a disordered, liquid-like 
hydrocarbon region.26 
Various different large tail groups have been used in SAM synthesis, two 
examples of which are shown in Figure 1-17.  The first example27 consists of a porphyrin 
ring connected to gold via an alkanethiol.  It can act as an electrocatalytic monolayer that 
has the potential to reduce various systems.  The second example28 is terminated in a 
terpyridine.  The presence of the terpyridine group allows for preparation of redox active 
metallic systems that can sequentially self assemble. 
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Figure 1-17 – Two SAMs designed with bulky tail groups by Porter(left)27 and 
Abruna(right).28  
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1.4 Controlling Surface Properties 
1.4.1 Introduction 
 Molecular machines, as mentioned earlier, are systems which, through a 
controlled change produce, work.  A large portion of the attempts at molecular machines 
have currently been designed and synthesized to function in solution.  While molecular 
machines in solution are generally the easiest to synthesize and study, their value is 
limited.  In solution, the individual molecular machines are randomly distributed 
throughout and as a result, on average, any work gained from one machine is cancelled 
out from work in the opposite direction produced by other machines.  In order to prevent 
that from occurring, an additional element of order needs to be added to the system.  
 There are several different ways that that can be accomplished.  Three 
dimensional ordered systems are generally produced through the formation of 
frameworks, such as metal organic frameworks (MOFs) or with SAMs formed on 
nanoparticles.   Two dimensional ordered systems are formed by forming SAMs on 2D 
substrates, as described previously.   
 The following sections describe some of the most notable attempts at molecular 
machines synthesized to date.   
1.4.2 Rotary motion 
 In terms of molecular machines involving rotary motion, some of the most 
advanced so far have been characterized by Tour29 and Feringa30.  Tour and coworkers 
have developed azimuthal rotors with the design shown in Figure 1-18a.  The rotor 
attaches to a gold substrate via the tripodal base.  Upon applying an oscillating electric 
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field, the molecule rotates about the triple bond indicated.  Feringa and coworkers have 
synthesized numerous molecular rotors, all based of the sterically hindered double bonds 
as shown in Figure 1-14.  The design has been adapted for SAMs, forming monolayers of 
both azimuthal28 and altitudinal28 (Figure 1-18b) rotors.  By controlling the rotation of the 
rotor, it is possible to control which end of the rotor is facing towards the surface.  When 
the substituted end (R = C4F9) is towards the surface, an increase in the contact angle 
(from 80o to 92o) with water was seen.   
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a) b)  
Figure 1-18 – Molecular Rotors formed on a 2D substrate developed by a) Tour and b) 
Feringa 
 
1.4.3 Shuttling 
 Leigh and coworkers31 attached a [2]rotaxane shuttle onto a SAM of 
mercaptoundecanoic acid through interactions between the acid group and nitrogen on 
the aromatic ring, as seen in (Figure 1-19).  Upon exposure to ultraviolet light, the axle 
undergoes a cis-trans isomerization and the macrocycle shuttles from the green to orange 
recognition site.  With the macrocycle around the orange site, it essentially blocks the 
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surface from seeing the fluorine groups, changing the hydrophilicity of the surface.  A 
drop of water placed on top can effectively be moved along the surface.  This was 
accomplished by exposing a nearby area to UV light and triggering the shuttling process.  
The drop will move, depending on where the SAM was exposed to UV light.  The effect 
is even strong enough to move a drop of water against an incline. 
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Figure 1-19 – a) The molecular shuttle system by Leigh and coworkers which shuttles 
upon exposure of the SAM to UV light31 
 
 Stoddart and coworkers have developed several molecular machines based on the 
shuttling between the two sites shown in Figure 1-20.  By exposing the system to the 
appropriate redox conditions, the system can be controllably shuttled between the two 
states.   Using this concept, molecular machines, such as a molecular muscle32, bistable 
switch tunnel junction33, nanowire34, and a molecular valve35 have all been synthesized 
and studied.  It has even been used as a data storage device, storing up to 160 kbit of data 
at 1011 bits per cm2.36 
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Figure 1-20 – The molecular shuttle developed by Stoddart and coworkers that is used 
form numerous molecular machines 
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Chapter 2
Surface Characterization Techniques
Since this is a multidisciplinary project with some less common techniques used,
the following sections are designed to provide a brief overview of the various surface 
characterization techniques used within.  They are meant to aid those unfamiliar to them
in understanding the results acquired and the conclusions that were drawn from them. 
2.1 Reflection-Absorption Infrared Spectroscopy1,2,3
Infrared spectroscopy helps to provide insight into a compounds structure and 
aids in the identification of functional groups.  It is based around the principle that as a 
molecule is irradiated with infrared light, some of the energy is absorbed and converted 
into vibrational energy.  Only when the frequency of the irradiated light matches the 
energy of a molecular vibration is energy absorbed.  The frequency and intensity of the 
absorption is used to learn information about the structure of the molecule.  
When light hits an interface between two media, such as air and the substrate, it 
undergoes multiple processes; it can be transmitted, reflected or scattered.  Generally, IR 
spectrometers measure the amount of light that is transmitted through the sample. Solid 
surfaces, however, are often opaque with regards to IR radiation.  In order to obtain an IR 
signal, the light must travel to the surface, interact with the monolayer and then be 
reflected from the substrate to be detected. 
The reflected light interacts with the incident light, producing a standing electric 
field.  The intensity (I) of this field is determined by the polarization of the electric field 
(E) and the spatial orientation of the dipole (P) it is interacting with, such that ܫ ן ܧሬԦ ή ߤԦ =
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หܧሬԦห|ߤԦ| cos ߠ. When the polarization of the light and the dipole are parallel (T= 0o) there 
is maximum absorption and when it is perpendicular (T= 90o) there is no absorption.
In order to achieve a high intensity reflected beam, the light must have a high 
angle of incidence, also known as a grazing angle.  When polarized light is reflected at 
the surface, at high angles of incidence, the p-polarized component of an EM wave is 
approximately three times larger in amplitude than the parallel component, making p-
polarized light the ideal choice.  Since the EM wave travels through the monolayer twice, 
before and after reflecting on the substrate, with p-polarized light, a dipole that is running 
parallel to the surface is cancelled by its image and dipoles perpendicular to the substrate 
add up.  As a result, only dipoles that run perpendicular to the substrate will be detected.  
This is known as the surface selection rule.
Using RAIRS, there are three pieces of information that can be learned about the 
SAM. The presence of various functional groups can be observed. The degree of 
crystallinity of the SAM can be determined. Methylene stretches of liquid-like and 
crystalline thiols are known for solids and a comparison of those values to that of the 
SAM show how crystalline the monolayer is.  More crystalline SAMs are better packed 
together with stronger interactions between the chains resulting in lower wavenumbers.
For the methylene stretches, wavenumbers range from 2925-2918 cm-1 and 2855-2850
cm-1 for the asymmetric and symmetric stretches respectively. In some cases, the 
molecular tilt of the SAM can be determined.  Since an increase in the tilt angle causes 
fewer of the molecular dipoles in the alkane chain to be perpendicular to the surface, the 
intensity of the peak also decreases.  This change in intensity can be used to calculate the 
average tilt angle of the SAM.
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2.2 Electrochemical Impedance Spectroscopy4
Electrochemical impedance is measured by applying a sinusoidal ac potential 
through an electrochemical cell and measuring the current obtained. A sinusoidal 
potential produces a sinusoidal current at the same frequency but with a shift in the phase 
of the wave.  The results are expressed by the overall impedance (Z) and the phase shift 
of the signal.
The electrochemical cell consists of a reference, counter and working electrode 
and is filled with an electrolyte solution which contains a redox probe.
The impedance can be presented in various forms. The most commonly used are 
the Nyquist and Bode plots.  A plot of the real vs imaginary portions of the impedance 
results in the Nyquist plot.  Nyquist plots, while useful, fail to provide information about 
the frequency that was used to record each data point. The Bode plot is composed of two 
separate plots combined, consisting of plots of the log of the frequency against the 
absolute value of the impedance and the phase shift.  
Electrochemical impedance data is analyzed by fitting it to an equivalent circuit 
model. Equivalent circuit models are composed of common circuit elements, such as 
resistors, capacitors and inductors, as well as more advanced elements necessary to 
account for the other physical characteristics of the layer. The two circuit models used in 
the following chapters are the simplified Randles circuit and the Randles circuit, shown 
in Figure 2-1. The simplified circuit consists of capacitor and resistor in parallel. With 
the simplified circuit, the Nyquist plot resembles that of a semicircle. The Randles circuit 
is similar, consisting of a resistor and capacitor in parallel. However, it also has a 
Warburg element in series with the resistor. The Warburg is used to simulate the 
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diffusion properties of the layer, where the redox probe is capable of permeating into the 
monolayer.  The Nyquists plots of Randles circuits consist of a semicircle which turns 
into a straight line running at a 45 degree angle relative to the x-axis. It should be noted 
that both systems possess a resistor outside of the main circuit to simulate the electrical 
resistance produced by the electrolyte solution used when taking the readings.
a)
b)
Figure 2-1 – The equivalent circuit models of the simplified Randles (left) and Randles 
(right) circuits, accompanied with the expected Nyquist (a) and Bode (b) plots.  
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The model circuits help to provide useful information about the system. The 
resistance provides insight into the packing of a SAM. A densely packed monolayer will 
show high resistance values whereas a poorly packed layer shows low resistance.  In 
some cases, the capacitance can be used to approximate the thickness of the layer.  
Capacitance can be related to the thickness via ܥ = ߝ௥ߝை
஺
ௗ where A is the area of the 
monolayer, d is the thickness and Hr and HO are the dielectric and electric constant 
respectively.  In order to determine the thickness, the dielectric constant of the monolayer 
must be known.  This value can sometimes be approximated based on known values for 
comparable materials.  
2.3 Contact Angle5
The surface energy (or surface tension) of a system is defined as the work 
required to increase the surface area of a substance by a unit area. It is a result of the 
unsatisfied bonding potential that the molecules at the surface possess. Since surface 
energy is a force that is difficult to measure directly, many indirect methods have been 
devised, one of which is the contact angle.
Contact angle is an extremely sensitive and inexpensive technique.  Contact angle 
measurements are a measure of the wettability of the substrate, which depends entirely on 
the surface energies of the various interfaces (solid-vapour, liquid-vapour, and solid-
liquid) as governed by Young’s equation.  
ߛ௟௩ cos ߠఊ = ߛ௦௩ െ ߛ௦௟
Contact angle are measured using a goniometer. A drop of a liquid is placed on 
the substrate and the goniometer captures an image of the profile of the liquid droplet 
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optically.  If the surface tension of the liquid is greater than the adhesive forces between 
the layers, then the drop will bead up.  If the adhesive forces are larger, the liquid will 
spread across the substrate. The contact angle is a measure of the tangent angle șȖ) of a 
liquid drop on a substrate. It provides information directly on the interactions between the 
surface and the liquid.  Any local irregularities or defect on the surface will have a 
significant impact on the results.
Contact angles can be measured by two different methods, namely, statically and 
dynamically. Static contact angle measurements are taken using a drop that is standing at 
equilibrium.  Dynamic contact angles are measured of a drop that is moving. Dynamic 
contact angles suffer from hysteresis with differences arising between the angle of an 
advancing and receding drop.  This effect is more of a result of surface topography 
(roughness and heterogeneity) than of the surface energies.
Figure 2-2 – A summary of all the surface energies and tangent angle present for a drop 
of liquid on a solid surface
2.4 X-Ray Photoelectron Spectroscopy5,6,7
X-ray photoelectron spectroscopy is used to obtain information about the 
elemental composition of the surface.  
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șȖ
Ȗsv Ȗsl
37 
 
The surface is irradiated by X-rays under ultra high vacuum.  The energy of the 
X-ray beam is in a comparable region to that of the binding energies of the core electrons.
When the X-rays are absorbed, core electrons are ejected with the excess energy in the 
form of kinetic energy.  Since the core electrons do not participate in bonding, they are 
very minimally affected by the atomic environment they are in.  As a result, their excess 
energy is characteristic of the element of origin and can be used to determine the 
composition of the sample.  
The energy of the ejected electrons is analyzed by an electron spectrometer, 
presenting the results as a plot of the intensity (counts/sec) vs electron energy with an 
example shown in Figure 2-3 (left). The kinetic energy that is measured is converted into 
the binding energy via the equation ܧ஻ = ݄ߥ െ ܧ௞ െܹ where EB is the binding energy, 
Ek is the measured kinetic energy, hȞ LV WKH energy of the incoming X-rays and W is a 
work function that is an intrinsic characteristic of the spectrometer used.  
While the overall energies are characteristic of the atom of origin, minor shifts in 
energy do occur as a result of the environment and oxidation state of the atom and any 
spin-orbit coupling that occurs.  These chemical shifts can help to provide further insight 
into the molecular composition by identifying the composition around the atom. In 
general, the greater the oxidation state of the atom, the larger the overall binding energy.  
Figure 2-3(right) shows the C1s high resolution spectra of a SAM on a gold coated silicon
substrate.  The observed peaks are broken down computationally into the various peaks 
that contributed to it.  These peaks represent the various chemical shifts that occur for the 
particular element and, by relating it to known binding energies, provide information on 
the various environments that exist.
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Figure 2-3 – The XPS of a SAM on a gold coated silicon substrate with the high 
resolution spectra of the C1s peaks.
There are two main factors that have a strong effect on the overall results 
obtained. While the X-rays can easily penetrate into the layer, the ejected electrons are 
not so fortunate. The inelastic mean free path of the electrons is limited.  As a result, only 
the atoms that are relatively close to the surface (approximately 10 nm) are detectable.
The deeper an atom is in the layer, the weaker a signal it produces. The second factor 
results from the hole that is left after the electron is ejected.  The remaining electrons in 
the atom relax, resulting in a rearrangement of the outer shell electrons, lowering the 
energy of the final state of the atom.  This rearrangement can result in either X-ray or 
Auger electron generation. The Auger electrons are detectable by the spectrometer and 
the X-rays can lead to more electrons getting ejected.  Both of these produce additional 
peaks on the spectra which can be used to aid in element identification.
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Chapter 3 
Design and synthesis of a [2]Pseudorotaxane for SAM formation 
3.1 Design Components and Rationale  
 The molecular recognition site developed by Loeb et al (Figure 1-7) has been 
used in numerous different types of interlocked systems, ranging from simple ones like 
pseudorotaxanes and rotaxanes1 to more complex systems such as metal organic rotaxane 
frameworks (MORFs)2 and molecular switches3.  In terms of functional materials, 
MORFs have been the main focus of research with this templating system.   
As an alternative to three dimensional crystalline MORFs, this recognition system 
can also be utilized to fabricate 2D functional materials by forming self-assembled 
monolayers.  This can be achieved by incorporating a linker group that will bond the 
recognition site to the metal substrate.  This can be accomplished by one of two different 
routes.  
The first method is through a layer by layer approach.  In this method, a linker 
molecule is adsorbed onto the solid substrate.  From there, the supramolecular complex is 
attached to the linker molecule, through mainly covalent bonds, ion-ion interactions, or 
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Figure 3-1 – [2]Pseudorotaxane system based on a system by Loeb et al 1 
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coordination chemistry.   Preliminary attempts with this method have been completed by 
a previous Loeb research group member.4 However, very little success has been achieved 
beyond the conceptual.  The second method involves attaching the linker molecule to the 
supramolecular complex, followed by attaching the linker to the solid substrate. 
The recognition site can be adapted to form SAMs in a few different ways, one of 
which is shown in Figure 3-1.  In this design, one end of the axle is replaced with a 3,5-
lutidine  component.  3,5-Lutidine is one of the smallest and simplest known stopper 
groups that will prevent DB24C8 from dethreading in solution.  The other end has an 
exposed nitrogen which can be used to add the linker group.  It is most commonly a t-
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Figure 3-2 – [2]Rotaxane system described by  Loeb et al.5 
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butyl benzyl group which is added to the nitrogen as it acts as a stopper as well.  This 
stopper group is added through a room temperature reaction for a period of time between 
several days and several months depending on the design of the axle.5 While this works 
for stopper groups, a comparable linker molecule, such as 8-bromo-1-thioacetate-octane, 
will have less success.  Linker molecules such as these would suffer from longer reaction 
times, and a significant amount of elimination and the potential for reactivity at alternate 
sites in the axle  
There are a few ways to get around these problems.  One is a redesign of the 
linker molecule, however, the synthesis of such molecules can be quite challenging.  An 
alternate approach is to change the method in which the axle and the linker molecule are 
attached.   
There is a similar system that uses the same recognition site and allows for a 
different method of attachment of stopper groups.  It consists of hydroxyl terminated 
axles as shown in Figure 3-2, where the stopper groups are attached through a neutral 
ester group.  The alcohol terminated axle is attached to the corresponding anhydride 
using a tri-nbutylphosphine catalyst.  This reaction is known to be compatible with a large 
number of anhydrides and alcohols, including the anhydrides of numerous alkanes.5 
By modifying the recognition site shown in Figure 3-2 in a similar manner to that  
shown in Figure 3-1, the latest design, as shown in Figure 3-3, is a reasonable starting 
point for this research.  This system contains a simple 3,5-lutidine stopper on one end and 
a hydroxyl terminated group on the other end.  With this arrangement, it should be 
possible to attach the linker molecule to the recognition site and form SAMs with them.  
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Figure 3-3 - [2]Pseudorotaxane system design for SAM formation 
3.2 Formation of the Linker Molecule 
 When choosing the design for the linker molecule, there are two main factors that 
need to be considered.   
 The first one is the design of the head-group, which binds to the solid substrate, 
which in this case is Au(111).  There are a few different choices for this, ranging from a 
thiol or protected thiol to multidentate ligands, such as lipoic acid or dithiophosphinic 
acid.6  When choosing the group to use, the simplest design is preferred, as it helps to 
keep the time required to synthesize the materials to a minimum and also limits potential 
complications that may arise in the future.  Out of all the options, a pure thiol is the 
easiest as numerous alkanethiols can be readily purchased, and the formation of the Au-S 
bond of thiols in SAMs is well studied.  Unfortunately, an exposed thiol group causes 
issues with forming esters from anhydrides.  A protected thiol, is the simplest and easiest 
way to get around this issue; the acetate protecting group is an ideal choice.  Not only 
does it protect the thiol, but it also has been shown to be able to form SAMs without the 
need to be removed.7 
 The second factor to be considered is the length of the alkane chain that is used as 
a spacer.  In alkanethiols, a smaller chain leads to a more disordered liquid-like SAM.  
The spacer group also serves to separate the reactive site, which is the recognition site in 
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this case, from the gold layer.  This helps to reduce the likelihood of unwanted 
interactions between the recognition site and the gold atoms.    
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Figure 3-4 – a) Linker molecule, b) synthesis route of the linker molecule, and c) 1H 
NMR spectra of the linker molecule in its acid (top) and anhydride (bottom) forms 
 
 With these factors in mind, the chosen linker molecule, as shown in Figure 3-4a, 
is thioacetate undecanoic acid, an eleven carbon chain molecule protected by an acetate 
group.  The acid, known as compound 3-1, was formed in high yields by stirring 11-
bromoundecanoic acid with potassium thioacetate at room temperature in DMF.  
Compound 3-1 was then converted efficiently (72%) to the anhydride, compound 3-2, 
through the use of dicyclohexylcarbodiimide (DCC) in CH2Cl2 at 293 K for one day.   
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The synthesis of compounds 3-1 and 3-2 was confirmed through 1H NMR, as 
shown in Figure 3-4c.  The presence of proton a resonance at 2.33 ppm shows evidence 
of the thioacetyl group which was added to the alkyl chain to form 3-1.  Upon converting 
compound 3-1 to 3-2, the only notable changes are the downfield shifts of protons l from 
2.36 to 2.45 ppm and of protons k from 1.64 to 1.66 ppm.  This represents the change of 
the carbonyl group from an acid to an anhydride as protons k and l are near the carbonyl 
group.  The lack of any changes to the 1H NMR spectrum anywhere else shows that the 
formation of the anhydride does not lead to any changes elsewhere in the molecule.   
3.3 Synthesis and Characterization of a Model Compound 
 The first step in synthesizing the desired system is to see if the linker molecule 
can be successfully attached to the hydroxyl group on the recognition site.  To 
accomplish this requires the formation of a model compound.  The design for the model 
compound was based on the system shown in Figure 3-2.  One half of the recognition site 
is replaced by a methyl group bound to the pyridine, as shown in Figure 3-5.  The methyl 
group serves to represent the other half of the recognition site and also limits the 
reactivity of the nitrogen atom as an exposed pyridine group has unwanted effects on the 
ester formation step.   
 The synthesis of the model compound 3-6[BF4], as shown in Figure 3-5, began 
with a standard Miyauri-Suzuki coupling reaction8 between formylphenylboronic acid 
and 4-bromopyridine hydrochloride to form compound 3-3 in high yield.  The aldehyde 
was reduced to the desired hydroxyl group using NaBH4 in anhydrous ethanol to obtain 
compound 3-4.  Compound 3-5[BF4], the model compound of the recognition site, was 
formed by methylating compound 3-4 with methyl iodide in CH2Cl2 for one day.  
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Compound 3-5+ was isolated as an iodide salt and subsequently anion exchanged to the 
tetrafluoroborate salt.  The final step in the synthesis of the model compound involves 
reacting compound 3-5[BF4] with compound 3-2.  This was done by combining the two 
components in an MeCN:CH2Cl2 mixture under nitrogen, adding the n-butylphosphine 
catalyst, and allowing the mixture to stir at rt under nitrogen for 2 days.  The solvent 
mixture was required since the compound 3-5[BF4] is relatively insoluble in DCM and 
compound 3-3 does not dissolve well in MeCN.   
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Figure 3-5 – The synthetic route of the model compound 
 The synthesis of compound 3-6[BF4] was confirmed through 1H NMR 
spectroscopy as shown in Fig 3-6.  The most notable peaks that show that the desired 
compound is present are those corresponding to protons a, n and v.  From the integration 
for each of those protons, the ratio was determined to be 3:2:3, which correlates to the 
desired compound.  The downfield shift of proton n relative to similar protons on 
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compound 3-5[BF4], where the linker molecule was not attached, from 4.53 to 5.01 ppm 
shows that the two compounds are attached and covalently bound through the hydroxyl 
group as desired. Thus, it can be concluded that the model compound was successfully 
synthesized.   
 
 
Figure 3-6 –1H NMR spectrum of model compound 3-6[BF4] with labelling scheme. 
3.4 Synthesis and Characterization of the Axle 
  After the successful synthesis of model compound 3-6[BF4], the next step was to 
make the complete recognition site.  To accomplish this, a route comparable to that of 
model compound 3-6[BF4] was followed, as shown in Figure 3-7a.  Starting with the 
reduced Suzuki product, compound 3-4 was alkylated with 1.2-dibromoethane in 
anhydrous ethanol at reflux temperatures to form compound 3-7[BF4].  From there, 
compound 3-7 was capped with 3,5-lutidine to form compound 3-9[BF4]2, which 
completes the synthesis of the recognition site.   
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Figure 3-7 – The a) unsuccessful and b) successful synthetic routes followed for forming 
compound 3-10[BF4]2 
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While the major product of the synthetic route in Figure 3-7a is the desired 
product, it is not the only compound that the route produces.  Aside from the desired 
product, the other main product that is formed is the symmetrical recognition site with 
hydroxyl terminated groups at both ends.  This can be deduced from the 1H NMR 
spectrum even though there are no unexpected peaks.  The only noticeable issue is with 
the relative integrations.  The ratio of protons protons u and y (Figure 3-8) on the 
pyridine rings is not the appropriate 2:1. Rather it is closer to 3:1, indicating that there is 
more of proton u than y and therefore more of the hydroxyl terminated end.   
The bromo group, instead of reacting with the lutidine present, reacts with another 
molecule of compound 3-7[BF4].  This is believed to occur since the more symmetrical 
recognition site has a lower overall energy in comparison to the desired product.  As a 
result of the excess lutidine added, the reaction does produce the desired product.  The 
undesired product can be removed through column chromatography with several columns 
using a 95:5 MeOH:2M NH4Cl  solvent mixture as the elution solvent. 
While the undesired product can be removed, albeit very tediously, it does bring 
about additional concerns.  The need for multiple columns has a serious impact on the 
overall yields.  As a result, a large amount of the starting materials would need to be 
used, which would be very costly as Suzuki reagents can be relatively expensive.  To 
avoid this, the recognition site was synthesized through a different route, as shown in 
Figure 3-7b. 
 The second synthetic route involves starting from the other end of the system.  
3,5-Lutidine was alkylated using 1,2-dibromoethane similar to compound 3-4, with a 
reduced reaction time of one hour to form compound 3-8[BF4].  From there, excess 
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compound 3-8[BF4] was mixed with compound 3-4 in MeCN at reflux for three days to 
produce compound 3-9[BF4]2.  Without a large excess of compound 3-8[BF4], the 
reaction can still form the unwanted product, however, the amount is significantly 
reduced relative to the comparable reaction using the other route.  The excess of 
compound 3-8 brings the reaction to the point where any evidence of the undesired 
product can no longer be observed through 1H NMR spectroscopy.   
 
 
Figure 3-8 – 1H NMR of compound 3-10[BF4]2 
 The 1H NMR spectrum (Figure 3-8) of compound 3-10[BF4]2 is very similar to 
that observed for compound 3-6[BF4].  There are three additional singlets which are from 
the lutidine group and the ethylene bridge peaks v and v’ are new, replacing the methyl 
group singlet.   
3.5 Physical-Organic Properties of the [2]Pseudorotaxanes  
 With the recognition site synthesized, the next step is to determine how strongly 
the macrocycle, DB24C8, interacts with the axle.  A useful technique to determine this is 
a variable temperature (VT) 1H NMR study where the association constant, as well as its 
thermodynamic parameters, can be easily determined.   
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Figure 3-9 - Variable temperature 1H NMR spectra of [3-10 ⊂ DB24C8]4+ in CD3CN. 
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Figure 3-10 – VT 1H NMR results as a plot of ln Keq vs 1/T  
Compound Solvent Keq ∆G 
(kJ/mol) 
∆H 
(kJ/mol) 
∆S     
(J/mol K) 
3-9[BF4]2 MeCN 54 -9.7 -19.0 -30.8 
3-10[BF4]2 MeCN 256 -13.6 -49.7 -120.7 
3-10[BF4]2 MeNO2 475 -15.4 -38.9 -78.9 
3-10[BF4]2 CD2Cl2 27 -8.2 -48.5 -135.1 
 
Table 3-1 - Summary of VT 1H NMR results at 298 K 
From the 1H NMR spectra of the [2] pseudorotaxane shown in Figure 3-9, it can 
be seen that the inner pyridyl protons, labelled u and w in Figure 3-8, as well as the 
protons of the ethylene bridge are shifted downfield when complexed with DB24C8.  
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Conversely, all of the other aromatic protons are shielded by the aromatic ring on 
DB24C8 and shifted upfield.    
The VT 1H NMR spectra were all recorded in 10 mM solutions of the compounds 
3-9[BF4]2 and 3-10[BF4]2 with an equimolar amount of DB24C8. Compound 3-9[BF4]2 
was studied in acetonitrile alone, whereas compound 3-10[BF4]2 was studied in 3 
different solvents, namely acetonitrile, nitromethane, and CD2Cl2.  Acetonitrile and 
nitromethane were used as they tend to promote good complexation rates between this 
type of recognition site and crown ethers.  Dichloromethane was also chosen since it is a 
common solvent that is used for SAM formation.  Compound 3-9[BF4]2 was not studied 
in dichloromethane because it shows poor solubility in that solvent. 
The results of the VT NMR experiments are summarized in Figure 3-10 and 
Table 3-1.  Plots of ln Keq vs 1/T, yield straight lines.  From the equations of the lines, the 
thermodynamic parameters were obtained using ln Keq = ∆H/T – ∆S/R where ∆G = ∆H – 
T∆S and ∆G = -RT ln Keq.  The slope of the line is ∆H and the intercept is -∆S/R.9 
 Of all the data acquired, the most notable piece of information to look at is the 
equilibrium constant as it represents how well the crown ether complexes with the 
recognition site.  The overall values are somewhat low, ranging from 27 M-1 to 475 M-1.  
The higher the equilibrium constant is, the fewer equivalents of excess crown ether is 
required to ensure that the [2]pseudorotaxane is the main component in solution when 
preparing SAMs.  Prior to the addition of the linker molecule, the Keq in MeCN 
somewhat low at 54 M-1, however, with the linker molecule, a 5-fold increase in the 
equilibrium constant was observed.  This shown that the addition of the linker does not 
negatively impact the ability of the recognition site to complex with crown ether.  The 
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Keq in DCM is lower than desired. This is not an overly surprising result as the poorer 
solubility relative to the other solvents as well as ion-pairing have an impact on the 
equilibrium.   
3.6 Formation and Preliminary Study of SAMs by RAIRS 
After solution characterization of this system was complete, the next step was to 
prepare SAMs from the compounds and study their surface properties.  SAMs were 
prepared by immersing the gold substrate in a 2 mM solution of the corresponding 
thioacetate molecule in CH2Cl2 over a period of one day.  The samples were rinsed with 
CH2Cl2 and dried under a stream of nitrogen prior to characterization.   
 Four different samples were prepared, slowly increasing in complexity from just 
an alkyl chain (compound 3-1) to a complete [2]rotaxane.  The first three samples were 
prepared as stated above.  The [2]rotaxane sample was prepared slightly differently.  To 
the solution of compound 3-10[BF4]2, excess DB24C8 (20 eq.) was added to convert 
most of compound 3-10[BF4]2 into the [2]pseudorotaxane, then the gold substrate was 
added.  After SAM formation, the final result would be a [2]rotaxane stoppered by a 
lutidine group on one end and the gold surface on the other.   
 The SAMs were characterized using RAIRS, the results of which are shown in 
Figure 3-11 and Table 3-2.   
Aside from compound 3-1, The SAMs all have similar values for the methylene 
stretching region and these values are fairly low, indicating relatively ordered and well-
packed SAMs.  The only one that is slightly elevated, indicating a more liquid-like SAM, 
is compound 3-1, the alkyl chain.  This is likely a result of the acetate protecting group 
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affecting the packing of the SAM as well as hydrogen bonding between adjacent acid 
groups which are not present in the other SAMs.10 
 
Figure 3-11 - Partial RAIRS spectra of the SAMs formed 
 
Compound 
Carbonyl C=O 
stretching (cm-1) 
Methylene C-H stretching (cm-1) 
Asymmetric Symmetric 
3-1 1697 2923 2854 
3-6[BF4] 1735 2918 2850 
3-10[BF4]2 1739 2920 2850 
3-10 U DB24C8 1736 2921 2850 
 
Table 3-2 - Summary of the notable stretches obtained through RAIRS 
The carbonyl regions show very strong peaks in all cases.  The carbonyl peaks 
match very closely to that of the positions they appear in the corresponding transmission 
IR spectra.  This shows that the SAM is forming with the desired components. 
The one piece of information that cannot be gleaned from these spectra is whether 
or not the crown ether is actually present for the final sample.  In the solution, a large 
excess of DB24C8 was added.  This ensures that in solution, the major compound is the 
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[2]pseudorotaxane.  This however, does not guarantee that this [2]pseudorotaxane is what 
binds to the gold substrate.   A few different scenarios are possible.   
• The gold substrate could preferentially bind to the free axle present 
• The [2]pseudorotaxane could bind preferentially 
• DB24C8 could be pushed off during the process of binding to the gold 
• The [2]pseudorotaxane and free axle form a mixed SAM 
• The large excess of crown ether is interfering with SAM formation 
From the RAIRS spectra, the scenario that is occurring cannot be conclusively answered.  
The RAIRS spectra of the [2]pseudorotaxane is too similar to that of the free axle to 
prove that is different. 
3.7 Functionalized Crown Ethers  
 Since the previous studies failed to demonstrate that the [2]rotaxanes SAM was 
formed, an alternative method to show that the crown ether is present in the SAM was 
needed.  One of the simplest ways to accomplish this is to modify the crown ether in such 
a way that it contains a group that is easily visible through IR and subsequently RAIRS.  
There are numerous groups that can be easily observed through IR, however they must 
also have no interactions with the gold substrate and be able to be attached to the crown 
ether without negatively impacting the association constant.  These restrictions severely 
limit the number of possibilities.  
 With these restrictions in mind, it was decided that the best choice for augmenting 
the crown ether was to incorporate C-F bonds into the crown.  This was accomplished in 
a two step synthesis, as shown in Figure 3-12.  DB24C8 was converted to compound 3-
11, the tetrakisbromomethyl derivative of DB24C8 using HBr and paraformaldehyde in 
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acetic acid and chloroform.  From there, the corresponding alcohol, 3,5-
trifluoromethylphenol, was added using potassium carbonate in MeCN to form 
compound 3-12.  The synthesis was confirmed through 1H NMR spectroscopy, partially 
shown in Figure 3-13, which shows the three aromatic singlets corresponding to aromatic 
rings of DB24C8 and the 3,5-trifluoromethyl group.   
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Figure 3-12 – Synthetic route of the functionalized crown ether 
Attempts to form [2]pseudorotaxanes with this crown ether met with little 
success.  Compound 3-12 is relatively insoluble in any non-chlorinated solvent.  Attempts 
were made to form a [2]pseudorotaxane in CD2Cl2, as shown in Figure 3-13a-c.  In 
Figure 3-13, NMR spectra a) and c) represent the individual components.  Figure 3-13b 
shows the results of combining the two samples.  From the 1H NMR spectrum, it can be 
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seen that, at room temperature, the individual components do not form any measureable 
amount of the [2]pseudorotaxane.   
6.06.57.07.58.08.59.09.510.0
f1 (ppm)
 
Figure 3-13 – Partial 1H NMR of a) compound 3-10[BF4]2 in CD2Cl2, b) equimolar 
mixture of compound 3-10[BF4]2 and compound 3-12 in CD2Cl2, c) compound 3-12 in 
CD2Cl2, and d) and equimolar mixture of compound 3-10[BF4]2 and compound 3-12 in 
60:40 MeNO2:CD2Cl2 
 
In order to try to force [2]pseudorotaxane formation, solvent mixtures with 
CD2Cl2 and MeCN or MeNO2 were used.  These solvents were chosen since MeCN and 
MeNO2 promote complexation and CD2Cl2 promotes solubility. The best equilibrium 
constants were obtained in solutions where the minimal amount of CD2Cl2 needed to 
maintain solubility of the crown ether was used.  The highest equilibrium constants 
a) 
b) 
c) 
d) 
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obtained with each solvent mixture are summarized in Table 3-3.  A MeNO2 mixture 
shows the best association by far as shown by the 1H NMR spectrum (Fig 3-13d), where 
the complex and uncomplexed components can be easily distinguished.   
%  CD2Cl2 Secondary solvent Keq 
100 None Negligible 
40 MeNO2 700 
70 MeCN 39 
   
Table 3-3 – Summary of the equilibrium constants achieved in various solvent mixtures 
at 293 K 
 
While [2]pseudorotaxanes of this system were observable through 1H NMR 
spectroscopy and the MeNO2: CD2Cl2 mixture even shows a reasonable Keq value, this 
system is not worthwhile for forming [2]rotaxane SAMs.  Due to solubility issues, 
solvent mixtures where a good Keq was acquired cannot be overloaded with crown ether 
since excess will not dissolve.  As a result, there is no way to force the solution 
equilibrium towards [2]pseudorotaxane formation.  Additionally, while these values were 
easy to obtain in solution, over a period of a day (a standard timescale for forming 
SAMs) the majority of the crown ether that was dissolved precipitated.    
3.8 Lessons from these studies 
 To summarize, the synthesis and characterization of a new molecular system with 
a 1.2-bispyrininiumethane recognition site has been described. This system can be 
attached to a gold substrate to form SAMs through a thioacetate moiety and these 
monolayers have been studied through RAIRS.  It is unknown as to whether the 
attempted [2]pseudorotaxane monolayers consists of the [2]pseudorotaxane [3-10 ⊂ 
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DB24C8][BF4]2 or just the corresponding free axle.  Attempts to confirm this have been 
met with failure.   
 In order to create a system where it can be unambiguously known that the crown 
ether is present as part of a rotaxane in the SAM, some redesigns are necessary.  This can 
be accomplished through modification of the various components that make the system, 
such as the crown ether, the linker molecule or the recognition site.  One of the easiest 
ways to ensure that the crown ether is present is to form a permanently interlocked 
[2]rotaxanes prior to SAM formation rather than utilizing a reversible [2]pseudorotaxane.  
A variation of that type of system is further discussed in Chapter 4. 
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3.9 Experimental Section 
3.9.1 General Comments 
All initial reagents and deuterated solvents were purchased from Aldrich or TCI 
Chemicals and used as received.  Solvents were dried using an Innovative Technologies 
Solvent Purification System.  Compounds 3-2, 3-5, 3-6, 3-7, 3-9, 3-10, and 3-11 were 
synthesized according to literature methods.1,5,8  Compounds 3-3, 3-4, 3-11, 3-12 have 
been reported in literature.5  
Thin Layer Chromatography was performed using Silicycle Silica gel F254 plates 
and viewed under UV light.  Column Chromatography was performed manually using 
Silicycle Ultra Pure Silica Gel (230 – 400 mesh) or automatically using Combiflash Rf 
automated column system from Teledyne.   
All 1H NMR experiments were performed on a Bruker Avance 500 instrument 
operating at 500.1 MHz.  All 13C NMR experiments were performed on an Ultrashield 
Bruker Avance 300 instrument operating at 75 MHz.  The deuterated solvent was used as 
the lock and the residual solvent as the internal reference.  
All transmission IR spectra were run on a Bruker Optic GmbH Tensor 27 Infrared 
Spectrometer.  
 As-Dep gold films were produced by depositing 10 nm titanium as an adhesion 
promoter followed by 1000 nm gold onto silicon wafers using an e-beam evaporator. The 
gold films were stored under nitrogen prior to use to minimize surface contamination.  
As-Dep substrates were immersed into a 2 mM RSH (or RSAc) solution in 
anhydrous dichloromethane for 24 h. Substrates were then removed from solution, rinsed 
with anhydrous dichloromethane and dried under a stream of nitrogen. 
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Reflection−absorption infrared (RAIR) spectra were collected using a Bruker IFS 
66/v spectrometer equipped with an MCT detector and Harrick Autoseagull accessory. 
The p-polarized light was incident at 85° from the surface normal; 1024 scans were 
collected at a resolution of 2 cm−1. 
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3.9.2 Synthesis of 3-1 
11-Bromoundecanoic acid (1.033 g, 3.9 mmol) was dissolved in dry DMF (25 
mL).  Potassium thioacetate (1.182 g, 10.3 mmol) was added.  The mixture was stirred at 
room temperature for 2 h.  Diethyl ether (60 mL) was added and the solution was washed 
with 1M HCl (2 x 25 mL), sat’d. NaCl(aq) (2 x 25 mL), and H2O (2 x 25 mL), and then 
dried and evaporated to yield 3-1 (0.963 g, 3.7 mmol, 95 %). 
OH
O
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b c d e f
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Table 3-4 - 1H NMR data for 3-1 in CDCl3 at 500MHz  
Proton δ (ppm) # of Protons Multiplicity 3J (Hz) 
a 2.33 3 s - 
c 2.87 2 t 3Jcd = 7.4 
d 1.57 2 m - 
e-j 1.2 - 1.4 12 m - 
k 1.64 2 m - 
l 2.36 2 t 3Jlk = 7.4 
 
Table 3-5 - 13C NMR data for 3-1 in CDCl3 at 75MHz  
Proton δ (ppm) 
a 30.6 
b 196.2 
c-j 28.7 - 29.5 
k 24.7 
l 34.1 
m 179.9 
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Table 3-6 - Transmission IR data for 3-1: KBr disk 
Wavenumber Absorption type 
2849 methylene asymmetric C-H stretching 
2920 methylene symmetric C-H stretching 
1697 acetyl C=O stretching  
 
Melting point – 51 - 52 oC 
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3.9.3 Synthesis of 3-2  
11-Thioacetateundecanoic acid (3.28 g, 12.6 mmol) and dicyclohexylcarbo-
diimide (1.3 g, 6.3 mmol) were dissolved in dry CH2Cl2 (30 mL) and stirred for 18 h 
under N2.  The reaction was filtered and evaporated to yield 3-2 (2.288 g, 4.6 mmol, 72 
%)  
O
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Table 3-7 - 1H NMR data for 3-2 in CDCl3 at 500MHz 
Proton δ (ppm) # of Protons Multiplicity 3J (Hz) 
a 2.33 3 s - 
c 2.87 2 t 3Jcd = 7.4 
d 1.57 2 m - 
e-j 1.25 - 1.4 12 m - 
k 1.66 2 m - 
l 2.45 2 t 3Jlk = 7.4 
 
Table 3-8 - Transmission IR data for 3-2: KBr disk 
Wavenumber Absorption type 
2852 methylene asymmetric C-H stretching 
2924 methylene symmetric C-H stretching 
1800, 1741 anhydride C=O stretching  
1698 acetyl C=O stretching  
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3.9.4 Synthesis of 3-3 (Miyaura-Suzuki reaction) 
4-Formylphenyl boronic acid (1 g,  6.7 mmol), 4-bromopyridine (1.29 g,  6.7 
mmol) and Na2CO3 (848 mg, 8.1 mmol) were placed in a Schlenck flask.  The flask was 
then evacuated and backfilled.  Dry degassed MeCN (40 mL) and then degassed H2O (20 
mL) were added;  5 % Pd(PPh3)4 (383 mg,  0.3 mmol) was then added.  The solution was 
refluxed overnight under N2.  The reaction was cooled, filtered and washed with MeCN.  
The solution was separated with chloroform (3 x 50 mL), water (3 x 50 mL), and then 
dried with anhydrous MgSO4.  The solvent was removed and the resulting solid subjected 
to CC (2:1 hexanes:ethyl acetate Rf = 0.12 or 2 % MeOH in CHCl3 Rf = 0.63 ) to give 3-
3(1.174 g, 6.4 mmol, 96 %) 
f
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Table 3-9 - 1H NMR data for 3-3 in CDCl3 at 500MHz 
Proton δ (ppm) # of Protons Multiplicity 3J (Hz) 
a 8.64 2 d 3Jab = 5.9 
b 7.46 2 d 3Jba = 6.1 
e 7.71 2 d 3Jef = 8.1 
f 7.92 2 d 3Jfe = 8.1 
h 10.01 1 s - 
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3.9.5 Synthesis of 3-4 (Reduction) 
3-3 (1 g , 5.5 mmol) was dissolved in ethanol (15 mL).  The reaction was cooled 
on ice and placed under N2.  NaBH4 (0.7 g, 18.5 mmol) was added slowly.  The solution 
was noted to darken.  The solution was left to stir overnight.  The excess NaBH4 was 
quenched with 1.0 M HCl.  The solution was washed with CH2Cl2 (2 x 20 mL).  The 
organic layer was washed with NaHCO3 (3 x 20 mL), H2O (3 x 20 mL), and then dried 
with anhydrous MgSO4.  The solvent was removed to yield an off-white powder which 
was recrystallized from MeCN to yield 3-4 (751 mg, 4.1 mmol, 74 %) 
f
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Table 3-10 - 1H NMR data for 3-4 in CDCl3 at 500MHz 
Proton δ (ppm) # of Protons Multiplicity 3J (Hz) 
a 8.67 2 d 3Jab = 4.6 
b, e 7.50 4 m - 
f 7.66 2 d 3Jfe = 8.3 
h 4.79 2 d 3Jhi = 5.9 
i 1.71 1 t 3Jih = 5.9 
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Table 3-11 - 13C NMR data for 3-4 in CDCl3 at 75MHz 
Carbon δ (ppm) 
a 150.3 
b 121.7 
c 148.2 
d 137.4 
e 127.3 
f 127.7 
g 142.3 
h 64.8 
 
Table 3-12 - Transmission IR data for 3-4: KBr disk 
Wavenumber Absorption type 
2850 methylene asymmetric C-H stretching 
2917 methylene symmetric C-H stretching 
3197 O-H stretching  
 
Melting point – 218 - 220 oC 
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3.9.6 Synthesis of 3-5[BF4] (Methylation) 
3-4 (200 mg, 1.1 mmol) was dissolved in CH2Cl2 (20 mL).  Methyl iodide (2 mL, 
32.1 mmol) was added and the solution refluxed overnight.  The solution was cooled, 
filtered and washed with ethyl acetate.  The precipitate was dissolved in minimal hot 
water, excess NaBF4 was added.  The solution was cooled and filtered to yield 2-5 (115 
mg, 0.6 mmol, 53 %) 
f
g h iN
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Table 3-13 - 1H NMR data for [3-5][I] in D2O at 500MHz 
Proton δ (ppm) # of Protons Multiplicity 3J (Hz) 
a 8.77 2 d 3Jab = 6.6 
b 8.32 2 d 3Jba = 6.6 
e 7.98 2 d 3Jef = 8.2 
f 7.65 2 d 3Jfe = 8.2 
h 4.78 2 s - 
i - - - - 
j 4.39 3 s - 
 
Table 3-14 - 1H NMR data for [3-5][BF4] in MeCN at 500MHz 
Proton δ (ppm) # of Protons Multiplicity 3J (Hz) 
a 8.41 2 d 3Jab = 6.8 
b 8.05 2 d 3Jba = 6.8 
e 7.73 2 d 3Jef = 8.3 
f 7.42 2 d 3Jfe = 8.3 
h 4.53 2 d 3Jhi = 5.8 
i 3.19 1 t 3Jih = 5.8 
j 4.09 3 s - 
 
 
70 
 
Table 3-15 - 13C NMR data for 3-5 [BF4] in MeCN at 75MHz 
Carbon δ (ppm) 
a 146.1 
b 125.5 
c 156.7 
d 133.2 
e, f 128.6, 129.0 
g 148.0 
h 64.0 
j 48.4 
 
Table 3-16 - Transmission IR data for [3-5][BF4]: KBr disk 
Wavenumber Absorption type 
2871 methylene asymmetric C-H stretching 
2943 methylene symmetric C-H stretching 
1036 BF4- stretching  
 
Melting point 150 – 152 oC 
 
  
71 
 
3.9.7 Synthesis of 3-6[BF4] 
3-5[BF4] (70 mg, 0.4 mmol) and 3-2 (235 mg, 0.5 mmol ) were placed in a 
Schlenck flask.  Dry MeCN (20 mL) and dry CH2Cl2 (5 mL) were added.  
Trinbutylphosphine (10 μL, 0.04 mmol) was added and the reaction was stirred for 2 days 
under N2. The solvent was evaporated and the resulting solid rinsed with anhydrous 
ethanol and filtered to give 3-6[BF4] (71 mg, 0.13 mmol, 38 %)  
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Table 3-17 - 1H NMR data for 3-6 [BF4] in CDCN at 500MHz 
Proton δ (ppm) # of Protons Multiplicity 3J (Hz) 
a 2.10 3 s - 
c 2.64 2 t 3Jcd = 7.3 
d 2.20 2 m - 
e 1.33 2 m - 
f-j 1.0-1.2 10 m - 
k 1.41 2 m - 
l 2.26 2 t 3Jlk = 5.3 
n 5.01 2 s - 
p 7.42 2 d 3Jpq = 8.3 
q 7.73 2 d 3Jqp = 8.3 
t 8.05 2 d 3Jtu = 6.8 
u 8.42 2 d 3Jut = 6.8 
v 4.09 3 s - 
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Table 3-18 - Transmission IR for [3-6][BF4]: KBr disk 
Wavenumber Absorption type 
2849 methylene asymmetric C-H stretching 
2916 methylene symmetric C-H stretching 
2965 methyl symmetric C-H stretching 
1738 ester C=O stretching 
 
Melting Point – 96 - 98 oC 
 
  
73 
 
3.9.8 Synthesis of 3-7[BF4] 
3-4 (520mg 2.8 mmol) was dissolved in ethanol (20 mL).  1,2-Dibromoethane (5 
mL 57 mmol) was added and the solution was refluxed overnight.  The solvent was 
removed, the precipitate washed in dichloromethane and filtered.  The solid was 
dissolved in minimal hot water and excess NaBF4 was added.  The solution was cooled 
on ice and filtered to yield [3-7][BF4] (740mg, 2.0mmol, 69%) 
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Table 3-19 - 1H NMR data for 3-7 [Br] in D2O at 500MHz 
Proton δ (ppm) # of Protons Multiplicity 3J (Hz) 
a 5.02 2 t 3Jab = 5.7 
b 4.03 2 t 3Jba = 5.7 
c 8.88 2 d 3Jcd = 6.9 
d 8.37 2 d 3Jdc = 6.9 
e 7.99 2 d 3Jef = 8.3 
f 7.64 2 d 3Jfe = 8.3 
g 4.77 2 - - 
h - - - - 
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Table 3-20 - 1H NMR data for 3-7 [BF4] in CD3CN at 500MHz 
Proton δ (ppm) # of Protons Multiplicity 3J (Hz) 
a 4.66 2 t 3Jab = 5.9 
b 3.72 2 t 3Jba = 5.9 
c 8.44 2 d 3Jcd = 6.8 
d 8.08 2 d 3Jdc = 6.8 
e 7.71 2 d 3Jef = 8.3 
f 7.38 2 d 3Jfe = 8.3 
g 4.49 2 d 3Jgh = 4.9 
h 3.22 1 t 3Jhg = 5.7 
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3.9.9 Synthesis of 3-8[BF4] 
3,5-Lutidine (2.0 mL,  1.878 g, 17.5 mmol) and 1,2-dibromoethane (15 mL, 32.88 
g, 175 mmol) were dissolved in EtOH (30 mL) and refluxed overnight.  The solvent was 
removed.  CHCl3 (10 mL) was added and the solution was washed with water (3 x 20  
mL).  The water layers were combined and concentrated.  The resulting oil was dissolved 
in water (20 mL) and nitromethane (30 mL) was added.  Excess NaBF4 was added and 
the solution stirred overnight.  The nitromethane layer was removed and the aqueous 
layer was washed with nitromethane (2 x 20 mL).  All the nitromethane layers were 
combined and concentrated.  The resulting oil was left to cool and crystallize.  The solid 
was stirred in ethyl acetate (50 mL) overnight and filtered to yield an off-white solid of 3-
8[BF4].  (1.550 g, 5.1 mmol, 42 %) 
f
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Table 3-21 - 1H NMR data for 3-8[Br] in D2O at 500MHz  
Proton δ (ppm) # of Protons Multiplicity 3J (Hz) 
a 2.56 6 s - 
b 8.25 1 s - 
d 8.60 2 s - 
e 4.00 2 t 3Jef = 5.8 
f 4.97 2 t 3Jfe = 5.8 
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Table 3-22 - 1H NMR data for 3-8[BF4] in MeCN at 500MHz  
Proton δ (ppm) # of Protons Multiplicity 3J (Hz) 
a 2.49 6 s - 
b 8.21 1 s - 
d 8.38 2 s - 
e 3.90 2 t 3Jef = 5.9 
f 4.78 2 t 3Jfe = 5.9 
 
Table 3-23 - 13C NMR data for 3-8[BF4] in MeCN at 75MHz 
Carbon δ (ppm) 
a 18.4 
b 142.7 
c 140.0 
d 148.6 
e 62.6 
f 31.2 
 
Melting Point 94 - 98oC 
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3.9.10 Synthesis of 3-9[BF4]2 
3-8[BF4] (1.8 g, 5.96 mmol) and 3-4 (600 mg, 3.2 mmol) were added to MeCN 
(25 mL).  The solution was refluxed for 3 days.  The resulting precipitate was filtered off 
while the solution was hot and then washed with cold MeCN.  The precipitate was 
dissolved in minimal hot water and excess NaBF4 added.  The solution was cooled and 
filtered to yield 3-9[BF4]2 (510 mg, 1.1 mmol, 32 %) 
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Table 3-24 - 1H NMR data for 3-9 [BF4][Br] in D2O at 500MHz  
Proton δ (ppm) # of Protons Multiplicity 3J (Hz) 
a 2.42 6 s - 
b 8.30 1 s - 
c 8.44 2 s - 
d, e 5.20 4 m - 
f 8.67 2 d 3Jfg = 6.7 
g 8.34 2 d 3Jgf = 6.7 
h 7.94 2 d 3Jhi = 8.2 
i 7.60 2 d 3Jih = 8.2 
j 4.73 2 s - 
k - - - - 
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Table 3-25 - 1H NMR data for 3-9[BF4]2 in CD3CN at 500MHz    
Proton δ (ppm) # of Protons Multiplicity 3J (Hz) 
a 2.46 6 s - 
b 8.24 1 s - 
c 8.34 2 s - 
d, e 4.98 2 m - 
e, d 5.03 2 m - 
f 8.55 2 d 3Jfg = 6.9 
g 8.29 2 d 3Jgf = 6.9 
h 7.93 2 d 3Jhi = 8.3 
i 7.62 2 d 3Jih = 8.3 
j 4.71 2 d 3Jjk = 5.7 
k 3.48 1 t 3Jkj = 5.7 
 
Table 3-26 - Transmission IR data for 3-9[BF4]2: KBr disk 
Wavenumber Absorption type 
2849 methylene asymmetric C-H stretching 
2926 methylene symmetric C-H stretching 
3355 O-H stretching 
 
Melting Point 180 - 182oC 
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3.9.11 Synthesis of 3-10[BF4]2 
3-9[BF4]2 (143 mg, 0.29 mmol) and 3-2 (290 mg, 0.58 mmol) were placed in a 
Schlenk flask which was then evacuated and backfilled with nitrogen.  Dry MeCN (20 
mL) and dry CH2Cl2 (5 mL) were added.  Tri-n-butylphosphine (10 μL, 0.04 mmol) was 
added and the reaction was stirred for 7 days under N2. The solvent was evaporated and 
the resulting solid was recrystallized from anhydrous EtOH twice to yield 3-10 [BF4]2 (40 
mg, 0.054 mmol, 19 %) 
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Table 3-27 - 1H NMR data for 3-10[BF4]2 in CDCl3 at 500MHz  
Proton δ (ppm) # of Protons Multiplicity 3J (Hz) 
a 2.60 6 s - 
b 8.07 1 s - 
d 8.99 2 s - 
e, e’, m 5.24 6 m - 
f 9.25 2 d 3Jfg = 6.8 
g 8.24 2 d 3Jgf = 6.8 
j 7.83 2 d 3Jjk = 8.3 
k 7.59 2 d 3Jkj = 8.3 
o 2.41 2 t 3Jop = 7.5 
p-w 1.2-1.4 16 m - 
x 2.87 2 t 3Jxw = 6.6 
z 2.33 3 s - 
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Table 3-28 - 1H NMR data for 3-10[BF4]2 in MeCN at 500MHz  
Proton δ (ppm) # of Protons Multiplicity 3J (Hz) 
a 2.47 6 s - 
b 8.25 1 s - 
d 8.34 2 s - 
e’ 5.05 2 t 3Jef = 6.1 
e 4.99 2 t 3Jfe = 6.1 
f 8.57 2 d 3Jgh = 7.0 
g 8.30 2 d 3Jhg = 7.0 
j 7.94 2 d 3Jkl = 8.3 
k 7.63 2 d 3Jlk = 8.3 
m 5.21 2 s - 
o 2.39 2 t 3Jpq = 7.4 
p 1.53 2 m - 
q-v 1.2-1.4 12 m - 
w 1.62 2 m - 
x 2.83 2 t 3Jyx = 7.3 
z 2.28 3 s - 
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Table 3-29 - 13C NMR data for 3-10[BF4]2 in MeCN at 75MHz 
Carbon δ (ppm)  Carbon δ (ppm) 
a 18.4  j 129.9 
b 142.8  k 129.5 
c 140.9  l 142.8 
d 149.2  m 65.7 
e’ 60.6  n 174.2 
e 60.0  o 34.7 
f 145.8  p 25.7 
g 126.6  q-x 29.4-30.3 
h 158.1  y 196.7 
i 134.0  z 30.9 
 
Table 3-30 - Transmission IR data for 3-10[BF4]2: KBr disk 
Wavenumber Absorption type 
2853 methylene asymmetric C-H stretching 
2922 methylene symmetric C-H stretching 
1736 ester C=O stretching 
 
Melting Point: 129 - 132oC  
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3.9.12 Synthesis of [2]Pseudorotaxanes 
An equimolar amount of DB24C8 (4.5 mg) was added to 10 mM solutions of 3-
9[BF4]2 (4.9 mg) and 3-10[BF4]2 (7.4 mg) in MeCN (1 mL) to yield a solution containing 
the corresponding [2]pseudorotaxanes in the presence of free DB24C8 and free axle.   
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Table 3-31 - 1H NMR data for 3-9[BF4]2 ⊂ DB24C8 in CD3CN at 500MHz  
 
Proton δ (ppm) # of Protons Multiplicity 3J (Hz) 
a 2.20 6 s -  
b 7.66 1 s -  
c 8.58 2 s -  
d, e 5.39 4 s -  
f 9.07 2 d 3Jfg = 6.9 
g 7.99 2 d 3Jgf = 6.9 
h 7.64 2 d 3Jhi = 8.2 
i 7.55 2 d 3Jih = 8.2 
j 4.70 2 d 3Jjk = 5.8 
k 3.43 1 t 3Jkj = 5.8 
1, 2 6.73 8 s - 
3 4.04 8 m - 
4, 5 3.87-3.95 8 m - 
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Table 3-32 - 1H NMR data for 3-10[BF4]2 ⊂ DB24C8 in CD3CN at 500MHz  
Proton δ (ppm) # of Protons Multiplicity 3J (Hz) 
a 2.21 6 s - 
b 7.68 1 s - 
c 8.57 2 s - 
d, e 5.39 4 s - 
f 9.09 2 d 3Jfg = 6.9 
g 7.98 2 d 3Jfg = 6.9 
h 7.62 2 d 3Jfg = 8.3 
i 7.55 2 d 3Jfg = 8.3 
j 5.20 2 s - 
k 2.38 2 t 3Jfg = 7.5 
l 1.52 2 m - 
m-r 1.2-1.4 12 m - 
s 1.62 2 m - 
t 2.83 2 t 3Jfg = 7.3 
u 2.28 3 s - 
1, 2 6.73 8 s - 
3 4.04 8 m - 
4 3.93 8 m - 
5 3.88 8 m - 
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3.9.13 Synthesis of 3-11 
Dibenzo-24-crown-8 (2.0 g, 4.5 mmol) and paraformaldehyde (3.17 g) were 
added to a mixture of chloroform (10 mL) and acetic acid (10 mL).  The solution was 
heated to 60 oC and a solution of 48% HBr (4 mL) and acetic acid (5 mL) was added, 
producing a dark brown mixture.  The solution was then heated at 60oC for 2 days over 
which time  a white solid formed. The mixture was then poured over ice and washed with 
chloroform (2 x 20 mL).  The solvent was removed and the resulting solid recrystallized 
from chloroform to yield 3-11 (1.866 g, 2.3 mmol, 51%) 
O
O O
O
O
OO
O
Br
Br
Br
Br
a
b
c
d
e
 
Table 3-33 - 1H NMR data for 3-11 in CDCl3 at 500MHz 
Proton δ (ppm) # of Protons Multiplicity 3J (Hz) 
a 4.67 8 s - 
b 6.83 4 s - 
c 4.15 8 t 3Jcd = 6.8 
d 3.91 8 t 3Jdc = 6.8 
e 3.81 8 s - 
 
 
Table 3-34 - Transmission IR data for 3-11: KBr disk 
Wavenumber Absorption type 
2875 methylene asymmetric C-H stretching 
2938 methylene symmetric C-H stretching 
1131 ether C-O stretching 
608 C-Br stretching 
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3.9.14 Synthesis of 3-12 
3-11 (1.0 g, 1.6 mmol) and K2CO3 (1.011 g, 7.3 mmol) were placed in a Schlenk 
flask which was then evacuated and backfilled with nitrogen.  Dry acetonitrile (30 mL) 
was added, followed by 3,5-bis(trifluoromethyl)phenol (0.738 mL, 1.115g, 4.9 mmol).  
The solution was refluxed for 4 days under N2.  The solvent was removed and chloroform 
(30 mL) was added.  The solution was filtered, and the filtrate washed with water (3 x 20 
mL), dried, and then concentrated.  The resulting solid was recrystallized from 
acetonitrile to give 3-12 (1.506 g, 1.1 mmol, 69 %) 
i
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Table 3-35 - 1H NMR data for 3-12 in CD2Cl2 at 500MHz 
Proton δ (ppm) # of Protons Multiplicity 3J (Hz) 
a 5.15 8 s - 
c 7.02 4 s - 
e 4.15 8 t 3Jef = 4.3 
f 3.86 8 t 3Jfe = 4.3 
g 3.75 8 s - 
i 7.35 8 s - 
k 7.47 4 s - 
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Table 3-36 - 1H NMR data for 3-12 in CDCl3 at 500MHz 
Proton δ (ppm) # of Protons Multiplicity 3J (Hz) 
a 5.15 8 s - 
c 6.92 4 s - 
e 4.19 8 t 3Jef = 4.3 
f 3.93 8 t 3Jfe = 4.3 
g 3.83 8 s - 
i 7.33 8 s - 
k 7.47 4 s - 
 
Table 3-37 - 13C NMR data for 3-12 in CDCl3 at 500MHz 
Carbon δ (ppm) Multiplicity JCF (Hz) 
a 68.7 - - 
b 127.0 - - 
c 115.7 - - 
d 149.3 - - 
e 69.7 - - 
f 69.9 - - 
g 71.4 - - 
h 123.1 q 2JCF = 271.0 
i 115.1 - - 
j 133.1 q 3JCF = 33.3 
k 115.1 - - 
l 159.0 - - 
 
Table 3-38 - Transmission IR data for 3-11: KBr disk 
Wavenumber Absorption type 
2877 methylene asymmetric C-H stretching 
2933 methylene symmetric C-H stretching 
1131 ether C-O stretching 
 
Melting Point 143 - 147oC  
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Chapter 4 
Design and Synthesis of a Slippage [2]Rotaxane for SAM Formation 
4.1 Introduction 
As stated in chapter 1, there are three different methods for synthesizing 
rotaxanes.  While all three methods produce rotaxanes, the properties of the rotaxanes 
vary based on the method used, due to the design requirements of each route.  By far, the 
most commonly studied [2]rotaxanes for SAM formation are prepared using threading.  
This is due to the fact that they are usually easier to design, and once the [2]rotaxane is 
formed, it is permanent without the breaking of covalent bonds.   
 In this chapter, SAMs of [2]rotaxanes formed through slippage are 
discussed.  Slippage [2]rotaxanes were chosen over the other methods for two reasons; 
1. A SAM comprised of slippage [2]rotaxanes has yet to be studied.  The closest 
example is of physisorbed slippage rotaxanes formed by slow evaporation of the 
solvent.1 
2. Slippage rotaxanes, under the appropriate conditions, will behave similarly to that 
of systems formed by threading and hence can be treated in a similar manner.  
However, the macrocycle can be removed after rotaxane formation by 
manipulating the external conditions they are exposed to.  That is something that 
rotaxanes formed by threading cannot do.   
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4.2 The Concept of Slippage in [2]Rotaxane Synthesis 
Slippage is really just a special case of threading in which the stoppers are already 
present on the axle to give a complete dumbbell shaped “axle” prior to interpenetration 
through the macrocyclic wheel.  In slippage, the dumbbell molecule and the macrocyclic 
wheel molecule must be heated in order for the threading of the guest into the dumbbell 
to occur at any noticeable rate.  For slippage, the dumbbell unit and the macrocyclic host 
unit are synthesized separately.  Once synthesized, the dumbbell and wheel molecules are 
placed in an appropriate solution at high temperatures and then allowed to reach 
equilibrium with the rotaxane.  Once this equilibrium has been reached, the system can be 
cooled down, at which point there will no longer be enough energy to thread the 
dumbbell on or off and the rotaxane can be isolated as a permanently interlocked species. 
 There are two main factors which contribute to the formation of the rotaxane by 
slippage.  The first factor is the size of the ‘slippage’ stoppers which are at the ends of the 
dumbbell molecule.  These stoppers must be of the correct size so that they cannot fit 
through the cavity of the macrocyclic ligand at room temperature, but at higher 
temperatures, there is the energy necessary for the wheel to ‘slip’ on and interact non-
covalently with the dumbbell molecule.   
 The second factor is the strength of the non-covalent interactions that can occur 
between the macrocyclic wheel and the recognition site on the dumbbell.  This factor 
does not affect the ability of the host molecule to slip onto the guest, but it does affect the 
equilibrium position between the host and the guest when forming the [2]rotaxane.   
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Figure 4-1 – An energy schematic for the self assembly of rotaxanes by slippage 
These factors can also be looked at in terms of the energy of the system between 
the individual components (dumbbell and wheel) and the rotaxanes.   
From Figure 4-1, it can be seen that there is a considerable energy barrier that 
needs to be overcome in order for the linear dumbbell molecule to slip through the cavity 
of the macrocycle wheel and form the rotaxane.  The system must have enough energy to 
get over that energy barrier, which is why, with an appropriate dumbbell molecule for 
slippage; the system must be heated for this to occur.  The heat provided is enough to 
help overcome the free energy of activation (ΔGon) of the system.   
This activation energy barrier is mainly determined by the size of the slippage 
stoppers on the ends of the dumbbell molecule relative to the cavity size of the 
macrocycle.  For smaller slippage stoppers, this activation energy barrier is low enough 
that the macrocycle slips on and off at faster rates, and is best thought of as a 
Keq = kon/koff  
∆Goff = ∆Gon + ∆Go  ∆G
o 
∆Gon 
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[2]pseudorotaxane.  For larger slippage stoppers, it is more difficult for the macrocycle to 
slip on due to much higher activation energies. However, there is a point at which the 
stoppers are too big and slippage just will not occur.  This usually occurs suddenly with 
one slippage stopper being able to slip through the macrocycle and a slightly larger 
stopper being unable to pass through the macrocycle.   This is often termed the “all or 
nothing“ substituent effect.2   
The overall stabilization energy (ΔGo) of the system is determined mostly by the 
non-covalent interactions which occur between the axle and the wheel.  The more 
stabilizing interactions that exist, the lower in energy the complex will be in comparison 
to its individual components.  This decrease in energy is the driving force for the 
threading process.  The lower in energy the final product is, the more favourable that 
product will be in comparison to the starting materials.  This decrease in energy by 
formation of the complex is not usually a large gain in energy since non-covalent 
interactions are relatively weak when compared to covalent interactions.  This is seen in 
Figure 4-1 with the small decrease in energy compared to the activation energy of the 
system.   
Ideally, with the proper adjustment of the size of the slippage stoppers on the 
dumbbell in such a way that they compliment the size of the cavity on the macrocycle, an 
arrangement can be achieved where slippage cannot occur at ambient temperatures, but 
once the temperature is elevated, slippage becomes possible.  This creates a 
“thermodynamic trap for the macrocycle”3 since the activation energy for dissociation is 
more than that the system possesses.   
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It has been shown by both Stoddart and Loeb that, with a macrocyclic wheel such 
as DB24C8, slippage occurs when the stopper is a cyclohexyl terminated group4,5. An 
example of this is shown in Figure 4-2  
 
Figure 4-2 – The slippage [2]rotaxanes by Loeb and coworkers 4 
4.3 Design Components and Rationale 
The design for the slippage [2]rotaxane is that shown in Figure 4-3.   It follows a 
design similar to that used in chapter 3.  On one end is the stopper group, which in this 
case is a cyclohexyl ester group.  The other end consists of a hydroxyl terminated group.  
The difference with this design is that the hydroxyl group is in the 3-position as opposed 
to the 4-position and a methyl group is added to the 5-position.  This turns this end into a 
stopper group.  That way, all complexation and decomplexation has to go through the 
slippage stopper.   
N
N
2BF4-
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Figure 4-3 – The slippage [2]rotaxane component for SAM formation 
 
 
O
N+
O
O
O
O
O
O
O
N+
O
O
O
93 
 
4.4 Synthesis of the Dumbbell for a Slippage[2]Rotaxane  
 There are two different routes possible when synthesizing the slippage dumbbell, 
both of which are shown in Figure 4-4.  These routes are comparable to those followed 
when synthesizing compound 3-9, the comparable [2]pseudorotaxane. 
 The first route is the one that was successful in synthesizing compound 3-9, so it 
was attempted first.  3,5-Dibromotoluene was converted to the desired Suzuki reagent 
using DMF and nBuLi in diethyl ether.  From there, compound 4-1 was reacted with 4-
pyridyl boronic acid hydrochloride under standard Suzuki conditions to form compound 
4-2.  The aldehyde was reduced to a hydroxyl group using NaBH4 in anhydrous ethanol 
to obtain compound 4-3, one end of the axle. To complete the dumbbell, the slippage 
stopper, cyclohexyl isonicotinate4, was reacted with 1,2-dibromoethane under reflux for 
30 minutes, forming compound 4-4.  This was then reacted with compound 4-3 in MeCN 
under reflux for multiple days.  From the 1H NMR spectrum it was observed that no 
reaction between these two components takes place, regardless of the reaction time.  As a 
result, a different synthetic route was required.   
 In the second route, shown in Figure 4-4b, compound 4-3 was alkylated to 
compound 4-5[BF4] using 1,2-dibromoethane.  This was followed by the addition of the 
slippage stopper by adding cyclohexyl isonicotinate and refluxing the system over a 
period of three days.  This reaction was initially completed in MeCN as it readily 
dissolves all of the components, promotes precipitation of the final product, and is a 
common solvent used in these types of reactions.  However, similar to the previous route, 
this reaction shows no evidence of the desired product.  Upon changing the solvent in this 
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reaction from acetonitrile to a higher boiling nitrile compound, propionitrile, the reaction 
was seen to proceed and compound 4-6[BF4]2 was formed.   
a) 
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Figure 4-4 – The a) unsuccessful and b) successful synthetic routes to compound 4-
6[BF4]2  
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 From the 1H NMR spectrum (Figure 4-5), it was seen that compound 4-6[BF4]2 
was successfully synthesized.   The cyclohexyl group proton resonances are visible in the 
aliphatic region between 1.3 and 1.7 ppm and the multiplet of proton v is between the two 
peaks constituting the ethylene bridge protons m and m’ just above 5 ppm.  On the other 
end of the molecule, the resonances of the non-aromatic protons a, b, and f were easily 
recognizable in the spectrum.  This shows that both ends of compound 4-6[BF4]2 are 
present and attached as designed.  
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Figure 4-5 – 1H NMR spectrum of compound 4-62+ in MeCN with labelling scheme. 
4.5 Synthesis of the Slippage[2]Rotaxane for Surface Attachment  
In the synthesis of the dumbbell, the final step was to attach the surface linker 
group.  This was accomplished in a manner similar to that used in chapter 3.  Compound 
4-6[BF4]2 and compound 3-2 were mixed in a 1:1 DCM:MeCN solvent mixture under 
nitrogen.  The trinbutylphosphine catalyst was added and the solution refluxed for a 
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period of 7 days.  Unlike the earlier reactions of this type, the formation of compound 4-
7[BF4]2 was much slower.  From the 1H NMR spectrum of compound 4-7[BF4]2, the 
successful synthesis was confirmed.  The resonance of proton b was seen to shift from 
4.67 ppm to just above 5 ppm and the hydroxyl proton resonance was no longer 
observed, thus confirming the point of attachment of the linker group.  The acetyl proton 
from the sulphur protecting group, as well as the presence of numerous aliphatic peaks 
confirmed the presence of the linker group 
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Figure 4-6 – The synthetic route of compound 4-7[BF4]2  
4.6 Physical-Organic Properties of the Slippage [2]Rotaxanes  
 The slippage properties of compound 4-7[BF4]2 were determined through a series 
of 1H NMR experiments conducted over the necessary period of time.  The specific time 
period required varies significantly depending on the reaction conditions, ranging from 
several months to greater than a year.  
97 
 
 These experiments were conducted in 10 mM solutions of compounds 4-6[BF4]2 
or 4-7[BF4]2 with an equimolar mount of the macrocycle DB24C8 at 298 K.   Studies 
were conducted in MeCN, MeNO2, and CD2Cl2 where solubility permitted.   
 Complexation was monitored by periodically checking the 1H NMR spectra of the 
samples and comparing the change in the ratios of [2]rotaxane to that of the free wheel 
and dumbbell.  Figure 4-7 shows a select sample of 1H NMR spectra acquired for 
compound 4-7[BF4]2 in MeCN over a period of eleven months, at which time the solution 
reaches its equilibrium position.   The initial spectrum, which shows no interaction 
between the two components, serves to clearly demonstrate that the system does interact 
slow enough to be considered a slippage rotaxane.  
 A summary of the results from these experiments are shown in Figure 4-8a, where 
they are plotted as the concentration of the [2]rotaxane inverted over time.  When looking 
at this data, there are two major areas of interest.  At the end of the graph, the increase in 
the y value lessens, eventually stopping entirely, forming a relatively flat line.  It is at this 
point that the system is at equilibrium.   
The other area of interest is the initial period of time where the complexation is a 
second order reaction.  The system is second order since the rate = k[axle][macorcyle] 
and at equimolar concentrations, [axle] = [macrocycle], resulting in the rate = k[axle]2. 
From Figure 4-8b, it can be seen that the points are linear.  From the line of bestfit, the 
slope and intercepts provide useful information about the complexation.  For a second 
order system, the equations are 1[𝐴]𝑡 = 𝑘𝑡 + 1[𝐴]𝑜 and 𝑡12 = 1𝑘[𝐴]𝑜and the association rates(k) 
and half-lives (where [A]=[A]o/2) can be determined. 9  
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Figure 4-7 – A series of partial 1H NMR spectra of 4-7[BF4]2 with DB24C8 in MeCN 
taken over eleven months 
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a)  
b)  
Figure 4-8 – a) a plot of 1/[Rotaxane] vs T  of the  1H NMR results  and b) a linear fit of 
the data over the initial 25 days 
 
100 
 
Compound 3-6[BF4]2 3-6[BF4]2 3-7[BF4]2 3-7[BF4]2 3-7[BF4]2 
Solvent MeCN MeNO2 MeCN MeNO2 CD2Cl2 
kon (10-5) (1/M.s) 4.02 1.43 2.47 2.09 1.00 
t1/2on (d) 61 83 40 56 118 
∆Gon (kJ/mol) 98.1 100.6 98.9 99.7 101.5 
koff (10-8) (1/s) 6.97 3.18 4.71 1.68 9.44 
t1/2off (d) 115 253 170 516 90 
∆Goff (kJ/mol) 113.8 115.8 114.9 117.4 113.1 
Keq  (1/M) 574 450 530 1360 110 
Table  4-1 – A summary of the thermodynamic and  kinetic data for [4-7 ⊂ DB24C8] 
[BF4]2 
 
The equilibrium was determined through 𝐾𝑒𝑞 = [𝑟𝑜𝑡𝑎𝑥𝑎𝑛𝑒][𝑎𝑥𝑙𝑒][𝑚𝑎𝑐𝑟𝑜𝑐𝑦𝑒𝑙𝑒] and the 
dissociation constants and half lives were extrapolated from the data using 𝐾𝑒𝑞 = 𝑘𝑜𝑛𝑘𝑜𝑓𝑓 
and the first order rate equation of rate = koff[rotaxane] which yields t1/2 = (ln (2))/koff and 
ln[rotaxane]= -kt + ln [rotaxane]o.9 
A summary of all the data acquired from the graph is in Table 4-1.  From this 
data, some information can be discerned.   Firstly, the association rates are considerably 
slower than the other reported slippage stoppers4,5 by at least a factor of four.  This is 
likely due to the lower equilibrium constants obtained as well as the fact that the 
macrocycle is only available to slip over one end of the axle as opposed to two ends 
which are available in the other symmetrical slippage rotaxanes.   
 The dissociation values provide insight into how the slippage [2]rotaxanes behave 
in solution when forming SAMs.  The dissociation rates are very low, with large half 
lives ranging from 90 days in CD2Cl2 to 516 days in nitromethane.  This means that the 
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slippage [2]rotaxanes, for all intensive purposes, can be treated as permanently 
interlocked [2]rotaxane for short periods of time, such as the time in which the sample is 
used to form SAMs.  As a result, there is little reason to suspect that the macrocycle will 
slip off when forming monolayers.    
4.7 The Acetyl Protecting Group 
 The acetyl protecting group is a simple and easy protecting group to use.  Up until 
this point, it has been employed to protect all of the thiols used.  The previous results 
have shown that SAMs can form without the need to deprotect the sulphur atom prior to 
SAM formation.6  However, it is still relatively unknown as to what exactly happens to 
the acetyl group after SAM formation.   
 Even though SAMs do form when the sulphur is protected by the acetyl group, 
the larger question is what effect does the presence of the acetyl group have on SAM 
formation.  When SAMs were formed using the slippage system, poor spectra were 
acquired, where quite often no SAM was detected.   
 Lee and coworkers6 conducted a study to compare the differences between pure 
thiols and thioacetyl groups.  They found that SAMs formed with the acetyl protecting 
group are less densely packed and less ordered then the comparable thiol.  Some of the 
acetate moieties can get trapped in the SAM.  It was also noted that, compared to the 
thiol, the absorption rates were significantly slower.  Stoddart and coworkers7 conducted 
a study, using ellipsometry, of the time it takes for large molecules, such as these 
rotaxanes to form SAMs.  They found that while the Au-S bond forms relatively quickly, 
the time it takes for the system to reach it lowest energy state is much longer, taking up to 
four days to achieve.  Since thioacetates, in general, take longer to form SAMs than pure 
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thiols, it could take even longer than four days for the slippage system to form SAMs.  
Since this is a slippage system, the longer it is in solution, the greater a chance that the 
macrocycle can slip off prior to SAM formation.  In order to alleviate this concern, the 
protecting group needed to be removed prior to SAM formation.   
 The acetyl protecting group is normally removed through the use of a strong base, 
such as cesium carbonate or ammonium hydroxide8.  While this does successfully 
remove the protecting group for the slippage system, it poses another problem.  The 
pyridinium sites are very sensitive to base and when exposed to it, they decompose, 
essentially severing the recognition site in half.   
 Attempts to remove the protecting group were conducted with 
undecanethiolacetate, compound 3-6[BF4] and compound 3-10[BF4]2 and monitored 
through 1H NMR experiments.  Strong bases successfully deprotected all of the samples, 
however, they did prove to be too strong and destroyed the recognition site.  Weak bases, 
such as triethyl amine, diisopropyl amine, potassium t-butoxide and lutidine were used, 
and while these were sufficiently weak enough that they did not damage the recognition 
site, they were also too weak to successfully deprotect any of the samples. 
 It has also been reported that, in some cases, acids have been successful in 
deprotecting thioacetate groups.10  While promising, as acids do not damage the 
recognition site like bases do, all deprotection attempts with acids (of varying 
concentrations) yielded no success. 
4.8 Design of a New Protecting Group 
 Since the acetyl protecting group has been shown to be unable to be removed with 
this design, an alternative method of obtaining an unprotected thiol was needed.  This 
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was accomplished by switching protecting groups.  Diphenylmethanol was chosen as the 
new protecting group because, unlike the acetyl groups, this protecting group is removed 
through the use of trifluoroacetic acid10 instead of bases and should not damage the 
recognition site.   
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Figure 4-9 – The initial synthetic route of compound 4-11[BF4]2 
Diphenylmethanol was appended to mercaptoundecanoic acid by adding 
trifluoroacetic acid in dichloromethane to form compound 4-8.  This product was stirred 
with dicyclohexylcarbodiimide in dichloromethane forming the anhydride, compound 4-
9.  The next step, which connects the linker group to the recognition site using the tri-n-
butylphosphine catalyst was not successful.  The reaction was already slow, however, the 
change in protecting group from acetyl to diphenylmethyl was enough to prevent the 
reaction from occurring.   
 Aside from the reaction rate, the process of linking the two groups had poor 
yields.  This is assumed to be partially because of the catalyst, which is slightly basic in 
nature, and as stated earlier, the recognition site is not very compatible with bases.  This 
causes a loss of a significant portion of the material.   
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Figure 4-10 – The synthetic route of compound 4-12[BF4]4 
 In order to improve this reaction, an alternative route was needed.  This was 
accomplished by reacting an acyl chloride with the hydroxyl group, which formed the 
desired ester as shown in Figure 4-10.  Compound 4-8 was converted into an acyl 
chloride using thionyl chloride in CH2Cl2 at reflux for one hour, forming compound 4-10.  
The acyl chloride was reacted with compound 4-6 by mixing them at 298 K for 2 days to 
form compound 4-11[BF4]2 in high yields.  The final step involved the deprotection of 
the thiol.  This was accomplished by dissolving compound 4-11[BF4]2 in trifluoroacetic 
acid with phenol for a period of an hour, forming compound 4-12[BF4]4.  The final 
product was confirmed to be a disulfide through mass spectrometry. 
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5.05.56.06.57.07.58.08.59.09.510.0
f1 (ppm)  
Figure 4-11 – Partial NMR spectra of a) compound 4-11[BF4]2 in MeCN, b) compound 
4-12[BF4]4 in MeCN and c) compound 4-12[BF4]4 in DMSO 
 
The synthesis of these compounds was confirmed through 1H NMR experiments.  
For compound 4-11[BF4]2, the main difference between its spectrum (Figure 4-11a) and 
that of its precursor (Figure 4-5) was the presence of the three peaks which correspond 
perfectly to the protecting group.  Upon deprotection, it was clearly seen that the 
protecting group was successfully removed with the complete disappearance of those 
peaks (Figure 4-11b).  However, for compound 4-12[BF4]4, the pyridinium peaks which 
a)                                Protecting Group 
b) 
c) 
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should appear as doublets were now multiplets.  At first, there was concern that the 
product was somehow damaged during the deprotection, however, when it was dissolved 
in DMSO, a solvent which inhibits most non-covalent interactions, it was seen that the 
pyridinium peaks (Figure 4-11c) are again doublets.  This means that the source of the 
splitting was due to non-covalent interactions occurring between the individual molecules 
and that the desired product is present.  While the exact nature of this interaction is 
unknown, further studies have shown that it does not appear to have any significant effect 
on complexation with DB24C8 and the presence of the macrocycle around the 
recognition site prevents this interaction from occurring.   
4.9 Determination of the Slippage Properties; Kinetic and Thermodynamics 
After synthesizing the deprotected slippage [2]rotaxanes, the major remaining 
question is how much of an effect does this change have on its slippage properties.  The 
association rates were determined in a manner similar to that conducted in section 4.5 and 
the results are summarized in Table 4-2.   The results show that there is not much of a 
difference between the two compounds and that the change in protecting groups has little 
effect on the kinetic data.  The samples were not compared for dichloromethane since 
compound 4-12[BF4]4 was not soluble   
Solvent Compound kon (M-1 s-1) x 10-5 ∆Gon (kJ/mol) t½ (d) 
 
MeCN 
4-12[BF4]4 2.93(0.2) 98.8(0.2) 40(3) 
4-7[BF4]2 2.47(0.2) 98.9(0.1) 40(2) 
 
MeNO2 
4-12[BF4]4 1.92(0.1) 99.9(0.1) 60(3) 
4-7[BF4]2 2.09(0.2) 99.7(0.2) 56(2) 
Table 4-2 – A comparison of the association values for compounds 4-7[BF4]2 and 4-
12[BF4]4 
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4.10 Preparation and Study of SAMs Utilizing the Slippage Axle 
SAMs were prepared by immersing the gold substrate in a 1 mM solution of the 
corresponding disulfide molecule in acetonitrile over a period of four days.  The samples 
were rinsed with MeCN and dried under a stream of nitrogen prior to use.  The SAMs 
were characterized using four different characterization techniques, namely RAIRS, 
contact angle, EIS, and XPS.   
When forming the SAMs, there was one main question that needed to be 
answered and that was whether or not DB24C8 is still present after SAM formation.  In 
the previous chapter in which [2]pseudorotaxanes were used to form SAMs this could not 
be confirmed.  With this system, there is the chance, albeit very small, that the crown 
ether could still be extruded during SAM formation 
Four different samples were characterized through RAIRS: two model 
compounds, representative of the designs for chapters 3 and 4, as well as compound 4-
12[BF4]4, with and without DB24C8.   
N+
O S
O
N+
O S
O O
3-6[BF4]
4-17[BF4]
 
Figure 4-12 – The design of the model compounds 3-6[BF4] and 4-17[BF4]  
Model compound 4-17[BF4]2 is comparable to compound 3-6[BF4], except the 
diphenylmethyl protecting group was used in synthesis and then removed prior to 
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forming the SAM.  From the RAIRS, it was observed that the two compounds produced 
very similar spectra, with wavenumbers that vary only slightly(1 cm-1).  This shows that 
the change in the protecting group has only a minimal effect on the packing and 
crystallinity of the SAM.  The major difference between the two spectra is in the intensity 
of the peaks.  This increase in intensity is the result of two possibilities.  With the longer 
immersion times (4 d instead of 1 d) and the lack of protecting groups inhibiting SAM 
formation, there could be a larger number of molecules that are bound to the surface 
which directly increases the intensity.  Also, the molecules could have the time needed to 
reorganize and tilt more, resulting in a larger number of the dipoles perpendicular to the 
surface.    
SAMs from model compound 4-15[BF4]2 have wavenumbers considerably higher 
than compound 4-17[BF4]2.  This means that the simple change of moving the linker 
group from the 4 position to the 3 position interferes with the packing of the SAM.   
The last two spectra directly compare the slippage system, with and without the 
presence of DB24C8.  SAMs of compound 4-12[BF4]4 showed lower wavenumbers, 
indicating that the SAM was fairly well packed, leaning towards a more crystalline SAM.  
The slippage [2]rotaxane [4-12⊂ DB24C8][BF4]2 SAM was much more disordered.  This 
was expected since the presence of the macrocycle would prevent the recognition sites 
from packing close to each other, which forces that alkyl chains apart, prevent close 
packing and leads to a more disordered packing.     
The peaks shown in Figure 4-13 are very broad when compared to the peaks that 
are produced using pure alkanethiols.  Unlike alkanthiols, which are often all (or nearly 
all) trans extended, the monolayers studied are very disordered.  The alkyl chains possess 
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numerous different individual methylene environments which result in the much broader 
peaks.   
 
Figure 4-13 – The CH2 region of the RAIRS spectra of the model compounds, the free 
axle and the [2]rotaxane  
  
 
Compound 
Methylene C-H stretching (cm-1)  
Carbonyl C=O stretching (cm-1) Asymmetric Symmetric 
3-7[BF4] 2918 2850 1735 
4-17[BF4]2 2919 2849 1739 
4-15[BF4]2 2926 2853 1740 
4-12[BF4]4 2921 2853 1739 
[4 ⊂  
DB24C8][BF4]4 
2926 2854 1737 
 
Table 4-3 – Summary of the notable stretches obtained through RAIRS 
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A similar trend can be seen for the EIS spectra as shown in Figure 4-14.  The 
SAMs of compound 4-12[BF4]4 fit with the Randles circuit have a resistance of 2.5 kΩ 
whereas the [2]rotaxanes resistance is 139 Ω.  This drop in overall resistance can be 
attributed to the presence of the crown ether.  When the crown ether is present, the 
individual molecules are forced father apart, leaving the potential for more channels and 
pathways where the redox probe can diffuse through the SAM with little resistance.  This 
causes the decrease in the overall resistance.  If the crown ether was getting pushed off, 
spectra similar to that of just compound 4-12[BF4]2 would have been obtained.   
The contact angle results are very similar between SAMs.  This was a result of the 
surface of the SAMs being very similar in nature. This was expected since the cyclohexyl 
group is the main component at the surface regardless of whether or not the crown ether 
is present.  The cyclohexyl group is not the only part of the surface affecting the contact 
angle.  If it was, the the surface would be expected to resemble that of polyethylene, 
which has a contact angle of 96 degrees.11  The lower values obtained lead to the belief 
that the water droplet is able to penetrate the layer enough to interact with the ester group 
and possibly the ionic pyridine rings as well.   
SAM R1 (Ohms) W (DW) C (μF) CA (deg) 
4-12[BF4]2 2515 (2) 243 (10) 2.2 (0.2) 46(2) 
[4-12 ⊂ 
 DB24C8] [BF4]2 
139 (3) 238 (10) 3.4 (0.1) 45(1) 
 
Table 4-4 – A summary of the contact angle and electrochemical data of the SAMS, 
fitted using a Randles circuit 
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4-12[BF4]2           [4-12 ⊂ DB24C8][BF4]2 
Figure 4-14 – Bode and Nyquist plots of the EIS results for SAMs of compound 4-
12[BF4]4 and its corresponding [2]rotaxane fit with the Randles circuit.  For the Bode 
plots, the best fit (dashed) and experimental (solid) data is shown.  
 
 The XPS results further confirm the presence of the macrocycle in the slippage 
[2]rotaxane SAMs.  The comparison between the SAMs with and without DB24C8 in 
Table 4-5 show that there was an overall increase in the number of oxygen atoms relative 
to number of carbon atoms in the SAM when DB24C8 is present.  Since DB24C8 has a 
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larger number of oxygen atoms relative to carbon, this suggests that there is DB24C8 
present.   This was further confirmed by looking closer at the carbon peaks, as shown in 
Figure 4-15. Fitting software can approximate the contribution of each type of carbon 
producing the peak.  The amount of carbon atoms that are bound to oxygen through 
single bonds goes from 16.5 % to 23.9 % and since DB24C8 contains numerous ether 
groups and the axle has very few, this supports the conclusion that there is DB24C8 in 
the SAM of the [2]rotaxane.   
  
4-12[BF4]2 
[4-12 ⊂  
DB24C8] [BF4]2 
% Au 19.5 15.3 
% C 61.1 64.1 
% I 0.8 1.5 
% N 2.3 0.9 
% O 12.5 14.8 
% S 3.2 2.4 
Table 4-5 – A summary of the XPS results 
4.11 Preparation of New Crown Ethers for Slippage [2]Rotaxanes 
With the completion of the characterization of compound [4-12 
⊂ DB24C8][BF4]2, both in solution and as a SAM, the next step was to modify the 
system and study the effects that it has on the SAM.  This was accomplished through the 
use of modified crown ethers based on DB24C8.  The crown ethers that were studied are 
the tetra substituted DB24C8 systems with propoxymethyl and methoxy substituents as 
shown in Figure 4-16.  The propoxymethyl serves to increase the overall size of the 
macrocycle, increasing the potential for steric interactions to occur between the 
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[2]rotaxanes in the SAM.  The methoxy substitutent affects the electronics of the 
macrocycle, adding electron density to the aromatic rings.   
a)  
b)  
Figure 4-15 – The high resolution XPS of the C1s region of the XPS results for the a) free 
dumbbell and b) [2]rotaxane 
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Both macrocycles were synthesized by starting with DB24C8.  For the 
propoxymethyl substituted crown ether, DB24C8 was converted to compound 3-11 as 
mentioned in chapter 3.  From there, the propoxy groups were added by mixing 
compound 3-11, n-propanol and sodium metal at reflux for one day, forming compound 
4-18. 
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Figure 4-16 – The synthetic routes of the substituted crown ethers 
For the methoxy substituted macrocycle, the tetraiodo DB24C8 was formed by 
reacting iodine and mercuric acetate in dichloromethane at 298 K for two days.  The 
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iodine atoms were replaced with methoxy groups by mixing it with CsCO3 and 1,10-
phenanthroline in methanol and exposing it to microwave irradiation for 10 h. This 
reaction formed every potential isomer of the mono, di, tri, and tetra substituted methoxy 
crown ethers.  The isomers were separated based on the number of substitutions through 
reverse phase column chromatography (MeOH:H2O  40% - 100%) to isolate compound 
4-20.   
The synthesis of the crown ethers was confirmed through 1H NMR experiments.  
For compound 4-20, the correct isomer was determined based upon the ratio between the 
aromatic singlet and the peak corresponding to the methyl group. 
4.12 Kinetic Properties of [2]Rotaxanes with New Crown Ethers 
 The kinetic properties of the [2]rotaxanes formed with these new crown ethers 
were determined and the results are summarized in Figure 4-17.  All of the solutions were 
studied at 10 mM at 298 K in both acetonitrile and nitromethane.   
 In terms of its physical properties, the propoxymethyl crown ether behaves very 
similar to that of DB24C8, with comparable half lives and association rates.  This shows 
that propoxymethyl group has very little effect on the overall binding properties of the 
[2]rotaxane.  As a result, it can be assumed that when the SAM is formed, its differences 
will be the result of mostly steric interactions when compared to the same rotaxane with 
DB24C8.   
 On the other hand, the presence of the methoxy group had a significant effect on 
the association between axle and wheel.  The methoxy crown ether has a much slower 
association rate in comparison the other two crown ethers.  
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Figure 4-17 – A summary of the association data for the [2] rotaxanes of compound 4-12 
BF4]4 with DB24C8 and the substituted crown ethers 
 
4.13  Preparation of Slippage [2]Rotaxanes with New Crown Ethers 
 In order to create SAMs containing these new slippage [2]rotaxanes, the 
[2]rotaxanes needed to the formed and separated from free dumbbell and macrocycle.    
 To form the [2]rotaxanes, free dumbbell was dissolved in nitromethane and  an 
excess of the macrocycle added.  Nitromethane was used because it yields the highest 
equilibrium constants for this dumbbell.  The amount of excess wheel varied 
significantly, depending on the macrocycle used, ranging from 5 equivalents with 
propoxymethyl DB24C8 to 10eq for methoxy DB24C8.  The solutions were then heated 
to 50oC and then slowly brought to room temperature over a period of 7 days.  The initial 
high temperature provides the energy needed to cause a majority of the macrocycle to slip 
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over the stoppering groups of the dumbbell. The temperature was slowly reduced to 
change the priorities of the system, shying away from faster reaction rates since the 
majority was complexed and heading towards higher association constants.  After the 
axle was fully complexed, the final step was to remove the excess by multiple washings 
with toluene.   
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Figure 4-18 – The reaction for forming [2]rotaxanes with the various crown ethers 
4.14 Preparation of SAMs from Slippage [2]Rotaxanes and Their Properties 
 The SAMs prepared from the slippage [2]rotaxanes with the new crown ethers 
behave very similar to that of DB24C8.  As shown in figure 4-19, the two new 
[2]rotaxanes have low impedances and require the use of the Randles circuit model, just 
like [4-12 ⊂ DB24C8][BF4]2.  The same potential from defects and channels for the 
redox probe to diffuse through exists, causing the low impedances.   
 R1 (Ohms) W (DW) C (μF) CA (deg) 
Dumbbell 2515 (2) 243 (10) 2.2 (0.2) 46(2) 
R = H 139 (3) 238 (10) 3.4 (0.1) 45(1) 
R = MeO 317(9) 238(35) 3.1(0.3) 34(2) 
R = PrOCH2 215(16) 230(30) 2.9(0.1) 42(3) 
 
Table 4-6 – A summary of the contact angle and electrochemical data of the SAMS, 
fitted using a Randles circuit 
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           [4-12 ⊂ (MeO)4DB24C8][BF4]2                [4-12 ⊂ (PrOCH2)4DB24C8][BF4]2 
Figure 4-19 – The Bode plot of the EIS results for SAMs of compound 4-12[BF4]4 and 
the corresponding [2]rotaxanes with R4DB24C8 and the Nyquist Plots of the two new 
[2]rotaxanes. For the Bode plots, the best fit (dashed) and experimental (solid) data is 
shown. 
 
The contact angles, shown in Table 4-6, for all of the samples are relatively 
similar.  The contact angles for [4-12 ⊂ MeO4DB24C8][BF4]2 are slightly depressed.  
This is likely due to the increased presence of oxygen in the surface of the SAMs as a 
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result of the added substituents onto the ring.  The hydrogen bonding interactions 
between the drop of water and the new ether groups caused the drop to spread.  Since the 
cyclohexyl group was still at the surface and it obscures the ether groups from the surface 
slightly, the effect on the contact angle is relatively small.   
4.15 Removal of Crown Ether Wheel From Surface Bound [2]Rotaxane via Slippage 
 The slippage [2]rotaxane system has been characterized in solution and as a SAM.  
Macrocycles with various substitutions upon the aromatic ring of DB24C8 have been 
used in the [2]rotaxane synthesis.  Up until this point, for all of the surface 
characterization, the slippage [2]rotaxanes have been treated and studied as if they were 
[2]rotaxanes and contained no slippage properties.  One thing that can be done with this 
system that cannot be accomplished with [2]rotaxanes is that after the SAM has been 
formed, the macrocycle can theoretically be removed from the SAM, creating a similar, if 
slightly less densely packed version of the SAM of just the dumbbell since the space the 
macrocycle occupied is now empty.  After the macrocycle has been removed, there is 
also the potential for different macrocycles to be added on, forming SAMs with different 
physical properties than when they were initially formed.   
 For slippage systems, the macrocycles are usually forcibly removed by exposing 
the system to a solvent that disrupts the non-covalent interactions that occur between the 
dumbbell and the macrocycle, such as DMSO (dimethylsulfoxide).   
 In solution, DB24C8 can be completely removed from the symmetrical thread, 
shown in Figure 4-2, using DMSO in approximately 6 hours, leaving a solution of free 
DB24C8 and free dumbell.  In order to remove the macrocycle from the SAMs, it was 
assumed that a comparable process would be necessary and successful. 
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SAMs were prepared as described previously and illustrated in Figure 4-20, by 
immersing the gold substrate in a 1mM solution of the corresponding disulfide molecule 
in MeCN over a period of four days.  The SAM was removed from the MeCN and 
immersed in DMSO for two days, followed by two hours in MeCN. The samples were 
rinsed with MeCN and dried under a stream of nitrogen prior to use.   
The SAM was immersed in DMSO for a period of two days to remove all of the 
macrocycle from the axle.  Due to the packing of the SAM, it was assumed that it would 
be more difficult for the DMSO to penetrate into the SAM and inhibit the non-covalent 
interactions and hence need a longer time for the macrocycle to slip off than in solution.  
While the exact period of time required is unknown, two days was assumed sufficient.  
Techniques, such as ellipsometry12 or quartz crystal microbalance12 could be used to 
more accurately determine the timeframe needed to remove the macrocycle, however, 
these techniques were unavailable. 
 
Figure 4-20 – An illustrated example of the SAM formation procedure 
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After exposure to DMSO, the SAMs were immersed in MeCN for two hours.  
This was done to remove any DMSO that was present on the SAM prior to 
characterization since DMSO will not evaporate or be easily dried off under a stream of 
nitrogen.  The MeCN helped to rinse the DMSO away prior to characterization.   
 For the removal of the macrocycle, it was expected that the resistance would stay 
low. The SAM would be loosely packed due to the initial nature with the macrocycle 
essentially acting as a spacer.  Some of the defects and channels initially present would 
remain, maintaining its low resistance.  There is also a chance for structural 
rearrangement via tilting after the macrocycle is removed, which may remove some of 
the defects and channels, causing a potential increase in the resistance and reducing the 
diffusion properties of the redox probe.  Any increase in the resistance after removal is 
expected to stay under the resistance for the SAM of just compound 4-12[BF4]4 since 
removal of the macrocycle just creates a more loosely packed version of the SAM of 
compound 4-12[BF4]4.  It is unlikely that a less densely packed SAM would have a 
higher resistance.  
 
Figure 4-21 – The Nyquist plots of the [2]rotaxanes before(left) and after(right) soaking 
the monolayers in DMSO 
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a)  
b)  
Figure 4-22 – a) The Bode plots of the crown removal studies with DB24C8 and b) a 
summary of the EIS and contact angle data with the various macrocycles. For the Bode 
plots, the best fit (dashed) and experimental (solid) data is shown. 
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The initial characterizations of the SAM after removal of the crown ether were 
conducted using EIS with [4-12 ⊂ DB24C8][BF4]2 and the results, shown in Figure 4-21 
and Figure 4-22a, were fit with the Randles circuit (pre-DMSO exposure) and simple 
circuit (post DMSO exposure).   
Upon exposure of the [4-12 ⊂ DB24C8][BF4]2 SAM to DMSO, the resistance was 
seen to rise from 139 to 8300 ohms.  A similar increase in the overall resistance was seen 
when [2]rotaxanes of the other macrocycles were used, the results of which are 
summarized in Figure 4-22b and Table 4-7.  From this data alone, it cannot be accurately 
determined if the macrocycle has slipped off or not.   
 R1 (Ohms) W (DW) C (μF) CA (deg) 
4-12[BF4]2 2515 (2) 243 (10) 2.2 (0.2) 46(2) 
w/ DMSO 65000(24000) - 1.9(0.1) 42(2) 
[4-12 ⊂  
DB24C8] [BF4]2 
139 (3) 238 (10) 3.4 (0.1) 45(1) 
w/ DMSO 8300(100) - 2.4(0.1) 47(2) 
[4-12   
⊂ 4-20] [BF4]2 
317(9) 238(35) 3.1(0.3) 34(2) 
w/ DMSO 10700(1300) - 2.5(0.1) 39(1) 
[4-12   
⊂ 4-18] [BF4]2 
215(16) 230(30) 2.9(0.1) 42(3) 
w/ DMSO 19500(6900) - 2.5(0.1) 44(2) 
Table 4-7 – A summary of the EIS results of the crown removal studies with DMSO 
 The main question at this point was what effect the DMSO was having on the 
SAM.  To prove that something else besides macrocycle removal was occurring, a SAM 
of just compound 4-12[BF4]4 was exposed to the same conditions as the slippage 
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[2]rotaxane SAMs.  If the DMSO was only causing the removal of the macrocycle, then 
it would have little effect on a SAM of compound 4-12[BF4]4.  This is unfortunately not 
the case.  In fact, the largest increase in resistance was seen for this sample when 
compared to the others.  
 The most likely reason for this increase in resistance was that the DMSO was 
intercalating in between the molecules of the SAM, filling in the channels and obscuring 
the defects that are present.  The effect was more noticeable in the SAM of compound 4-
12[BF4]4  and this was likely due to the fact that the SAM may be more densely packed 
than the other.  This was also corroborated based on the Nyquist plots that were seen and 
the model circuits that were needed.  Before DMSO exposure, all of the SAMs required 
the use of Randles circuit with the Warburg element.  This shows that the redox probe 
was able to diffuse into the monolayer in all cases, meaning that there were many pores 
and defect sites present.  After the monolayers were exposed to DMSO, there was no 
evidence supporting the need for a Warburg element.  After DMSO exposure, the 
Nyquist plots are semicircles.  There are no 45 degree lines which indicate the need for 
use of a Warburg element.  This means that the DMSO is essentially repairing the 
surface, filling in all of the pores and defects and restricting the ability of the redox probe 
to diffuse into the monolayer.    
 
Compound 
Methylene C-H stretching (cm-1)  
Carbonyl C=O stretching (cm-1) Asymmetric Symmetric 
4-12[BF4]4   2921 2853 1739 
[4-12   ⊂  
DB24C8][BF4]4 
 
2926 
 
2854 
 
1737 
4-12[BF4]4  
DB24C8 removed 
 
2924 
 
2850 
 
1729 
Table 4-8 – A summary of the notable stretches from the crown ether removal studies 
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Figure 4-23 – The CH2 region of the RAIRS spectra of the crown ether removal studies 
with DB24C8 
 
 A similar pattern was seen through the RAIRS spectra, summarized in Figure 4-
23 and Table 4-8.  The methylene stretches of the [2]rotaxane with DB24C8 are higher 
than that of compound 4-12[BF4]2, indicating that there is an increase in disorder, as 
expected.  When DB24C8 is removed from the SAM, the wavenumbers decrease slightly, 
indicating that there is some order in the SAM regained.   
The peak width supports the conclusion that DMSO is essentially repairing the 
surface.  After DMSO exposure, the peak width of the asymmetric methylene stretch is 
considerably smaller. Since peak width is partially a result of the disorder of the alkane 
chain among the monolayer, this means that the alkane chain is likely better organized 
after exposure to DMSO.  This supports the conclusion that DMSO is essentially 
repairing the surface by filling in the holes.   
 The contact angle results tell a different story.  Intercalation of DMSO was not 
expected to have an effect on the surface of the SAM to any large degree aside from 
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some rearrangement that may occur.  Despite this, the surface would still largely consist 
of the cyclohexyl group and the contact angle should remain unaffected.  The contact 
angle data, shown in Table 4-7, agreed with this for the most part.  There was very little 
variation in the contact angle across all of the samples.  With [4-12 
⊂ MeO4DB24C8][BF4]2, the contact angle increased by 5 degrees when MeO4DB24C8 
was removed.  Since the initial decrease in the contact angle was believed to be a result of 
the presence of MeO4DB24C8, this increase leads to the belief that MeO4DB24C8 was 
being removed by DMSO.  The effect was seen to a lesser effect with 
(PrOCH2)4DB24C8, however it cannot be confirmed due to the errors associated with the 
values.   
 R1 (Ohms) W (DW) C (μF) CA (deg) 
4-12[BF4]2 2515 (2) 243 (10) 2.2 (0.2) 46(2) 
w/DMSO  65000(24000) - 2.0(0.1) 42(2) 
w/ DMSO  
w/ MeCN 
86000(30000) - 1.8(0.1) 39(1) 
w/ DMSO 
3 d heated 
25000(7000) - 2.0(0.1) 77(1) 
w/ DMSO 
6 d heated 
80033(34900) - 1.890.1) 80(2) 
4-12[BF4]4 
3 d heated 
7349(1521) - 2.1(0.1) 61(1) 
4-12[BF4]4 
6 d heated 
21467(2253) - 2.1(0.1) 74(1) 
w/DMF 14000(1000) - 2.1(0.1) - 
w/DMF  
w/ MeCN 
21000(2000) - 2.1(0.1) - 
Table 4-9 – A summary of the contact angle and electrochemical data of the SAMS 
formed after attempting to remove the intercalated DMSO 
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  The major issue with removing the macrocycle from the [2]rotaxanes SAMs has 
been the intercalation of the DMSO into the monolayer itself.  Several different studies 
were conducted with compound 4-12[BF4]4 in order to better understand and attempt to 
resolve this issue, with the results summarized in Table 4-9.  The studies that were 
conducted to remove the intercalated DMSO were: 
• Immersion of the SAM in another solvent after DMSO exposure 
• Exposure of the SAM to heat under a vacuum  
• Removal of the macrocycle with an alternative solvent 
The first studies involved increasing the amount of time that the SAM was 
immersed in MeCN after being immersed in DMSO.  The purpose of this was to provide 
more time for the MeCN to displace the intercalated DMSO from the SAM, allowing it to 
be washed away, assuming that the two hours that was initially used was not enough 
time.  The longer immersion times did not seem to have any significant effect on the 
SAMS with high resistances still present.  Increasing the amount of time the SAM was 
immersed in MeCN had little effect on the SAM, failing to successfully remove the 
intercalated DMSO.   
The second set of studies involved exposing the SAM to high temperatures under 
a vacuum.  DMSO has a high boiling point, but under a vacuum, it should be possible to 
cause it to evaporate at lower temperatures, removing the intercalated DMSO.  These 
studies were conducted using a vacuum oven heated to 50 oC and afterwards the SAMs 
were rinsed with MeCN.  After three days in the oven, a threefold decrease in the overall 
resistance was seen.  This shows that the use of a vacuum oven may have successfully 
removed the intercalated DMSO, however, after three more days, the resistance climbed 
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back up to its initial high values.  This was believed to the due to a layer of contaminants 
that slowly forms as the SAM is exposed to air, although desorption of the SAM may 
play a role.  To prove this, a comparable sample that was not immersed in DMSO was 
run.  While not quite as drastic of an increase, a significant increase in the resistance was 
seen.  
 The final attempts to remove the macrocycle involved the use of a solvent other 
than DMSO, since DMSO was difficult to remove.   DMF was used as an alternative 
solvent choice since it can interfere with rotaxane formation in a similar manner.  DMF 
was first tested to see how it compared to DMSO.  To accomplish this, it was tested in 
solution using the [2]rotaxane illustrated in Figure 4-2.  DMSO takes approximately 6 
hours to remove all of the DB24C8 from that [2]rotaxane.4  DMF was significantly 
slower, taking about a week to remove all of the DB24C8.  When the SAM was exposed 
to DMF, as opposed to DMSO, a similar increase in resistance was seen, albeit not as 
large.  DMF is also likely intercalating into the SAM.  Attempts to remove the DMF 
through soaking in acetonitrile have proved to have little effect on the SAM. 
4.16 Summary and Conclusions 
 The synthesis and characterization of a slippage rotaxane system has been 
described.  The slippage properties were studied in solution and have been thoroughly 
investigated.  The system was redesigned with another protecting group, namely 
diphenylmethyl, which could be removed prior to Sam formation.  SAMs were formed 
with and characterized through various techniques.  The data supports the conclusion that 
the macrocycle is present in the SAM.  Two different macrocycles were synthesized, one 
which impacts the system sterically and one which changes the electronics of the 
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macrocycle.  [2]Rotaxanes were formed with these macrocycles and they were 
characterized in solution and as a SAM.  The presence of the macrocycles caused the 
SAMs to be less densely packed than SAMs of just the free dumbbell.    
 The slippage properties of the SAMs were tested by attempting to remove the 
macrocycle from the SAM.  While this may have been successful, the intercalation of the 
solvent used to remove the macrocycle proved to be a major issue.  All attempts to 
remove the intercalated solvent met with very limited success.   
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4.16 Experimental 
4.16.1 General Comments 
All initial reagents and deuterated solvents were purchased from Aldrich or TCI 
Chemicals and used as received.  Solvents were dried using an Innovative Technologies 
Solvent Purification System.  Compounds 4-1, 4-18, 4-19, 4-20 have been reported in 
literature.13,14,15 All other compounds were synthesized based on literature 
methods.10,14,16,17   
Thin Layer Chromatography was performed using Silicycle Silica gel F254 plates 
and viewed under UV light.  Column Chromatography was performed manually using 
Silicycle Ultra Pure Silica Gel (230 – 400 mesh) or automatically using a Combiflash Rf 
automated column system from Teledyne.   
All 1H NMR experiments were performed on a Bruker Avance 500 instrument 
operating at 500.1 MHz.  All 13C NMR experiments were performed on an Ultrashield 
Bruker Avance 300 instrument operating at 75 MHz.  The deuterated solvent was used as 
the lock and the residual solvent as the internal reference.  
All transmission IR spectra were run on a Bruker Optic GmbH Tensor 27 Infrared 
Spectrometer.  
High resolution mass spectrometry (HR-MS) experiments were performed on a 
Micromass LCT Electrospray (ESI) time-of-flight (TOF) Mass Spectrometer. Solutions 
of 50-100 ng/μL were prepared in CH3CN (unless otherwise indicated), and injected for 
analysis at a rate of 5 μL/min using a syringe pump. 
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As-Dep gold films were produced by depositing 10 nm titanium as an adhesion 
promoter followed by 1000 nm gold onto silicon wafers using an e-beam evaporator. The 
gold films were stored under nitrogen prior to use to minimize surface contamination.  
As-Dep substrates were immersed into a 1 mM RSSR solution in anhydrous 
acetonitrile for 4 d. Substrates were then removed from solution, rinsed with anhydrous 
acetonitrile and dried under a stream of nitrogen. 
When removing the macrocycle from the monolayer, the substrate was immersed 
in DMSO for 2 d.  It was then removed from the DMSO and immersed in anhydrous 
acetonitrile for 2 hours, rinsed with anhydrous acetonitrile and dried under a stream of 
nitrogen.  
XPS spectra were collected at Surface Science Western (London, Ontario, 
Canada) using a Kratos Axis Nova X-ray photoelectron spectrometer with a 
monochromatic Al Kα source. The detection limit of the instrument is 0.1−0.5 atomic 
percent. Both survey scan and high-resolution analyses were carried out over a 300 μm × 
700 μm scan area. Survey scan analyses were carried out with a pass energy of 160 eV, 
and high resolution analyses were carried out with a pass energy of 20 eV. Samples were 
analyzed at a 30° takeoff angle (60° tilt).  
Reflection−absorption infrared (RAIR) spectra were collected using a Bruker IFS 
66/v spectrometer equipped with an MCT detector and Harrick Autoseagull accessory. 
The p-polarized light was incident at 85° from the surface normal; 1024 scans were 
collected at a resolution of 2 cm−1. 
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Water contact angles were measured using the sessile drop method on a Rame-
Hart contact angle goniometer equipped with a microliter syringe and a tilting stage. In 
each case, at least three drops from two samples were averaged. 
EIS spectra were collected using a BAS-Zahner IM6 ex-impedance unit. A glass 
cell equipped with a calomel/saturated KCl reference electrode and a 1.0 mm Pt wire 
counter electrode was clamped to the working electrode, a 0.95 cm2 area of the SAM on 
gold, and then filled with an aqueous solution of 1 mM K3Fe(CN)6, 1 mM 
K4Fe(CN)6·3H2O and 10 mM Na2SO4. The measurements were made at an open circuit 
potential set at 450 mV with a 5 mV ac perturbation that was controlled from 5.0 × 10−2 
to 2.0 × 105 Hz. SAM resistance and capacitance values were normalized to the area of 
the working electrode.  All EIS measurements were carried out in triplicate and the 
results averaged together.    
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4.16.2 Synthesis of 4-1 
3,5-Dibromotoluene (9.4 g  37.6 mmol) was added to a Schlenck flask which was 
then evacuated and backfilled with N2(g).  Dry diethyl ether (300 mL) was added and the 
solution cooled to -78 oC using dry ice in acetone. A solution of 2.5 M nBuLi in hexanes 
(15 mL) was added slowly to the ether.  After 1 hour, dry DMF (150 mL) was added and 
after 1 more hour, the solution was brought to room temperature (293 K).  A 10 % 
HCl(aq) solution (25 mL) was added, followed by diethyl ether (50 mL).  The solution 
was washed with water (3 x 50 mL), dried, concentrated, and subjected to CC (5% 
diethyl ether in hexanes).  The resulting oil was crystallized to give 4-1 as a white solid.  
(5.627 g, 28.2 mmol, 75 %)  
a
d
b
 c
e
Br
O
f
g
h  
Table 4-10 - 1H NMR data for 4-1 in CDCl3 at 500 MHz 
Proton δ(ppm) # of Protons Multiplicity 3J (Hz) 
a 2.42 3 s - 
b 7.59 1 s - 
e 7.61 1 s - 
f 7.80 1 s - 
h 9.92 1 s - 
 
Table 4-11 – 13C NMR data for 4-1 in CDCl3 at 75 MHz 
Carbon δ(ppm)  Carbon δ(ppm) 
a 20.1  e 129.0 
b 137.8  f 129.6 
c 141.1  g 137.8 
d 123.0  h 191.0 
 
Melting point: 39 – 40 oC  
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4.16.3 Synthesis of 4-2 
4-1 (3.279 g, 16.5 mmol), 4-pyridinylboronic acid  (2.028 g, 16.5 mmol) and 
Na2CO3 (2.60 g, 24.5 mmol) were placed in a Schlenk flask.  The flask was then 
evacuated and backfilled with N2(g).  Dry degassed MeCN (110 mL) and then degassed 
H2O (50 mL) were added.  5 % Pd(PPh3)4 (0.95 g, 0.82mmol) was added.  The solution 
was refluxed for 2 days under N2.  The reaction was cooled, filtered and the rinsed with 
MeCN.  The filtrate was separated with chloroform (3 x 50 mL), washed with water (3 x 
50 mL), and then dried with MgSO4.  The solvent was removed to give 4-2 ( 3.25 g, 16.5 
mmol , Quant.)  
a b c
d
e
f
g
O
N
 
Table 4-12 - 1H NMR data for 4-2 in CDCl3 at 500 MHz 
Proton δ(ppm) # of Protons Multiplicity 3J (Hz) 
a 8.67 2 s 3Jab = 4.9 
b 7.45 2 d 3Jba = 4.9 
c 7.93 1 s - 
d 7.69 1 s - 
e 7.74 1 s - 
f 2.51 3 s - 
g 10.06 1 s - 
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4.16.4 Synthesis of 4-3 
4-2 (2.352 g, 11.8 mmol) was dissolved in EtOH (50 mL).  The solution was 
cooled on ice and placed under N2.  NaBH4 (1.87 g, 17.0 mmol) was added slowly.  The 
solution was noted to darken.  The solution was left to stir overnight.  The excess NaBH4 
was quenched with 1.0 M HCl (25 mL).  The solution was washed with CH2Cl2 (2 x 20 
mL).  The organic layer was washed with NaHCO3 (3 x 20 mL), H2O (3 x 20 mL), and 
then dried with anhydrous MgSO4.  The solvent was removed to yield an orangish-red oil 
of 4-3 (2.350 g, 11.8 mmol, Quant.) 
a b c
d
e
f
g
N
OH
h
 
Table 4-13 - 1H NMR data for 4-3 in CDCl3 at 500 MHz 
Proton δ(ppm) # of Protons Multiplicity 3J  (Hz) 
a 8.65 2 d 3Jba = 5.3 
b 7.55 2 d 3Jba = 5.3 
c 7.46 1 s - 
d 7.30 1 s - 
e 7.39 1 s - 
f 2.45 3 s - 
g 4.77 2 s - 
h - - - - 
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4.16.5 Synthesis of 4-4[BF4] 
Cyclohexyl Isonicotinate (2 g, 9.7 mmol) and 1,2-dibromoethane (10 mL, 21.9 g, 
115 mmol) were dissolved in EtOH (30 mL) and refluxed overnight.  The solvent was 
removed, CHCl3 (10 mL) was added and the solution was extracted with water (3 x 20 
mL).  Nitromethane (30 mL) and excess NaBF4 were added to the aqueous solution and 
the mixture stirred overnight.  The nitromethane layer was removed and the aqueous 
layer was washed with nitromethane (2 x 20 mL).  All the nitromethane layers were 
combined and concentrated.  The resulting oil was left to cool and crystallize.  The solid 
was stirred in ethyl acetate (50 mL) overnight and filtered to yield an off-white solid of 4-
4[BF4].  (1.47 g, 3.7 mmol, 38 %) 
N+
O
O
Br
ab
cdef
g
h
i
j
 
Table 4-14 - 1H NMR data for 4-4[Br] in D2O at 500 MHz 
Proton δ(ppm) # of Protons Multiplicity 3J (Hz) 
a 5.14 2 t 3Jba = 5.7 
b 4.03 2 t 3Jba = 5.7 
c 9.13 2 d 3Jcd = 6.7 
d 8.59 2 d 3Jdc = 6.7 
g 4.80 1 m - 
h-j 2.00 – 1.40 10 m - 
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Table 4-15 - 1H NMR data for 4-4[BF4] in CD3CN at 500 MHz 
Proton δ(ppm) # of Protons Multiplicity 3J (Hz) 
a 5.00 2 t 3Jba = 5.8 
b 3.95 2 t 3Jba = 5.8 
c 8.89 2 d 3Jcd = 6.6 
d 8.49 2 d 3Jdc = 6.6 
g 5.11 1 m - 
h-j 1.98 – 1.43 10 m - 
 
Table 4-16 – 13C NMR data for 4-4[BF4] in CD3CN at 75 MHz 
Carbon δ(ppm)  Carbon δ(ppm) 
a 31.0  f 161.8 
b 63.0  g 76.7 
c 143.6  h 31.4 
d 128.2  i 23.6 
e 146.9  j 25.5 
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4.16.6 Synthesis of 4-5[BF4] 
4-3[BF4] (1.269 g, 6.3 mmol) was placed in a round bottom flask.  1,2-
dibromoethane (40 mL) was added and the solution refluxed for 30 min.  The solution 
was filtered and the precipitate dissolved in a minimal amount of water.  Excess NaBF4 
was added and 4-5[BF4] precipitated and was isolated by filtration (1.568 g, 4.0 mmol, 
63%). 
a b c
d
e
f
g
N+
OH
h
Br
i
j
 
Table 4-17 - 1H NMR data for 4-5[Br] in D2O at 500 MHz 
Proton δ(ppm) # of Protons Multiplicity 3J (Hz) 
a 8.87 2 d 3Jba = 6.1 
b 8.34 2 d 3Jba = 6.1 
c 7.74 1 s - 
d 7.73 1 s - 
e 7.51 1 s - 
f 2.46 3 s - 
g 4.72 2 s - 
h 3.64 1 m - 
i 4.01 2 t 3Jij = 5.2 
j 5.02 2 t 3Jji = 5.2 
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Table 4-18 - 1H NMR data for 4-5[BF4] in CD3CN at 500 MHz 
Proton δ(ppm) # of Protons Multiplicity 3J (Hz) 
a 8.70 2 d 3Jba = 6.1 
b 8.30 2 d 3Jba = 6.1 
c 7.72 1 s - 
d 7.67 1 s - 
e 7.46 1 s - 
f 2.46 3 s - 
g 4.66 2 d 3Jgh = 5.4 
h 3.44 1 m 3Jhg = 5.4 
i 3.95 2 t 3Jij = 5.7 
j 4.89 2 t 3Jji = 5.7 
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4.16.7 Synthesis of 4-6[BF4]2 
4-5[BF4] (3.112 g, 7.9 mmol) was added to propionitrile (50 mL).  Cyclohexyl 
isonicotinate (4 g, 19.5 mmol) was added and the solution refluxed for 3 days.  The 
solution was filtered and the precipitate dissolved in H2O.  Excess NaBF4 was added and 
the precipitate was filtered to give 4-6[BF4]2 (1.948 g, 3.2 mmol, 41 %).   
ab
c
d
e
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Table 4-19 - 1H NMR data for 4-6[Br][BF4] in D2O at 500 MHz 
Proton δ(ppm) # of Protons Multiplicity 3J (Hz) 
a - - - - 
b 4.70 2 s - 
d 7.51 1 s - 
f 2.45 3 s - 
g 7.72 1 s - 
i 7.73 1 s - 
k 8.36 2 d 3Jkl = 6.9 
l 8.79 2 d 3Jlk = 6.9 
m, m’ 5.43, 5.32 4 t 3Jmm` = 6.3 
n 9.09 2 d 3Jno = 6.7 
o 8.59 2 d 3Jon = 6.7 
r 5.11 1 m - 
s-u 1.96-1.32 10 m - 
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Table 4-20 - 1H NMR data for 4-6[BF4] in CD3CN on 500 MHz 
Proton δ(ppm) # of Protons Multiplicity 3J (Hz) 
a 3.40 2 t 3Jab = 4.8 
b 4.67 2 d 3Jba = 4.8 
d 7.46 1 s - 
f 2.46 3 s - 
g 7.72 1 s - 
i 7.67 1 s - 
k 8.30 2 d 3Jkl = 6.6 
l 8.57 2 d 3Jlk = 6.6 
m, m’, r 5.17-5.05 5 m - 
n 8.80 2 d 3Jno = 6.3 
o 8.50 2 d 3Jon = 6.3 
s-u 2.00-1.40 10 m - 
 
Table 4-21 – 13C NMR data for 4-6[BF4]2 in MeCN at 75 MHz 
Carbon δ(ppm)  Carbon δ(ppm) 
b 63.1  m 58.8 
c 144.2  m’ 60.3 
d 131.8  n 146.7 
e 140.1  o 128.5 
f 20.4  p 147.0 
g 123.6  q 161.1 
h 133.5  r 76.4 
i 127.5  s 30.9 
j 158.0  t 23.1 
k 125.7  u 25.0 
l 144.9    
 
Table 4-22 - Transmission IR data for 4-6[BF4]2: KBr disk 
Wavenumber Absorption type 
2858 methylene asymmetric C-H stretching 
2939 methylene symmetric C-H stretching 
1728 ester C=O stretching  
 
Melting Point – Decomposition at ~190 oC 
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4.16.8 Synthesis of 4-7[BF4]2 
4-6[BF4]2 (0.300 g, 0.49 mmol) and 3-2 (0.500 g 1.0 mmol) were combined in a 
Schlenck flask.  Under nitrogen, trinbutylphosphine (10 µL), followed by MeCN (30 mL) 
and CH2Cl2 (10 mL) were added.  The solution was refluxed under N2 for 3 days.  The 
resulting solution was cooled, concentrated and recrystallized from anhydrous ethanol 
twice to give 4-7[BF4]2 (82 mg, 0.06 mmol, 13%) 
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Table 4-23 - 1H NMR data for 4-7[BF4] in CD3CN on 500 MHz 
Proton δ(ppm) # of Protons Multiplicity 3J (Hz) 
a 2.28 3 s - 
c 2.83 2 t 3Jcd = 7.3 
d-k, ae-ag 2.00-1.48 28 m - 
l 2.37 2 t 3Jlk = 7.3 
n, y, y’, ad 5.17-5.06 7 m - 
r 2.47 3 s - 
p 7.51 1 s - 
t 7.72 1 s - 
s 7.74 1 s - 
w 8.30 2 d 3Jwx = 6.6 
x 8.59 2 d 3Jxw = 6.6 
z 8.81 2 d 3Jz-aa = 6.5 
aa 8.50 2 d 3Jaa-z = 6.5 
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Table 4-24 – 13C NMR data for 4-7[BF4]2 in CD3CN at 75 MHz 
Carbon δ(ppm)  Carbon δ(ppm) 
a 30.8  v 158.4 
b 196.6  w 126.6 
c-j 30.2-29.3  x 147.5 
k 25.5  y 59.7 
l 34.6  y` 61.0 
m 174.2  z 145.8 
n 65.8  aa 129.3 
o 141.3  ab 147.7 
p 133.6  ac 161.9 
q 139.6  ad 77.2 
r 21.2  ae 31.7 
s 129.4  af 23.9 
t 125.6  ag 25.8 
u 134.6    
 
Table 4-25 - Transmission IR data for 4-7[BF4]2: KBr disk 
Wavenumber Absorption type 
2855.25 methylene asymmetric C-H stretching 
2929.52 methylene symmetric C-H stretching 
1731.71 ester C=O stretching  
 
Melting Point – Decomposition at ~190 oC 
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4.16.9 Synthesis of [4-6 ⊂ DB24C8][BF4]2 and [4-7 ⊂ DB24C8][BF4]2 
 4-6[BF4]2 (200 mg, 0.33 mmol) and 4-7[BF4]2 (200 mg, 0.25 mmol) were 
dissolved in MeNO2 (20 mL) with excess DB24C8.  The solutions were heated to 323 K 
for a period of three days and slowly cooled to room temperature (293 K) over four days.  
The solutions were concentrated and the resulting solids washed with toluene (4 x 20 mL) 
to give [4-6 ⊂ DB24C8][BF4]2 (207 mg, 0.19 mmol, 58%) and [4-7 ⊂ DB24C8][BF4]2 
(206 mg, 0.16 mmol, 64%) 
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Table 4-26 - 1H NMR data for [4-6 ⊂ DB24C8][BF4]2 in MeCN at 500 MHz 
Proton δ(ppm) # of Protons Multiplicity 3J (Hz) 
a - 1 - - 
b 4.70 2 s - 
d 7.32 1 s - 
f 2.50 3 s - 
g 7.46 1 s - 
i 7.41 1 s - 
k 7.99 2 d 3Jkl = 6.3 
l 9.07 2 d 3Jlk = 6.3 
m, m’ 5.62-5.50 4 m - 
n 9.29 2 d 3Jno = 6.1 
o 8.15 2 d 3Jon = 6.1 
r 5.07 1 m - 
s-u 2.00-1.40 10 m - 
1,2 6.70 8 s - 
3 4.19 8 m - 
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4 4.03 8 m - 
5 3.84 8 m - 
 
Table 4-27 - 1H NMR data for [4-6 ⊂ DB24C8][BF4]2 in MeNO2 at 500 MHz  
Proton δ(ppm) # of Protons Multiplicity 3J (Hz) 
a - 1 - - 
b 4.71 2 s - 
d 7.35 1 s - 
f 2.45 3 s - 
g 7.45 1 s - 
i 7.44 1 s - 
k 8.06 2 d 3Jkl = 6.9 
l 9.22 2 d 3Jlk = 6.9 
m, m’ 5.69, 5.76 4 m - 
n 9.44 2 d 3Jno = 6.7 
o 8.17 2 d 3Jon = 6.7 
r 5.01 1 m - 
s-u 2.00-1.40 10 m - 
1,2 6.73 8 s - 
3 4.20 8 m - 
4 4.05 8 m - 
5 3.85 8 m - 
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Table 4-28 - 1H NMR data for [4-7 ⊂ DB24C8][BF4]2 in MeCN at 500 MHz 
Proton δ(ppm) # of Protons Multiplicity 3J (Hz) 
a 2.28 3 s - 
c 2.83 2 t 3Jcd = 7.3 
d-k, ae-ag 2.00-1.48 28 m - 
l 2.37 2 t 3Jlk = 7.3 
n 5.16 2 s - 
y, y’ 5.56, 5.49 4 m - 
r 2.47 3 s - 
p 7.32 1 s - 
t 7.34 1 s - 
s 7.44 1 s - 
w 7.91 2 d 3Jwx = 7.0 
x 9.03 2 d 3Jxw = 7.0 
z 9.24 2 d 3Jz-aa = 6.8 
aa 8.13 2 d 3Jaa-z = 6.8 
ad 5.02 1 m - 
1,2 6.67 8 m - 
3 4.09 8 m - 
4 3.98 8 m - 
5 3.79 8 m - 
 
Table 4-29 - 1H NMR data for [4-7 ⊂ DB24C8][BF4]2 in MeNO2 at 500 MHz 
Proton δ(ppm) # of Protons Multiplicity 3J (Hz) 
a 2.28 3 s - 
c 2.81 2 t 3Jcd = 7.3 
d-k, ae-ag 2.00-1.48 28 m - 
l 2.37 2 t 3Jlk = 7.3 
n 5.16 2 s - 
y, y’ 5.79, 5.67 4 m - 
r 2.46 3 s - 
p 7.40 1 s - 
t 7.42 1 s - 
s 7.47 1 s - 
w 8.03 2 d 3Jwx = 6.8 
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x 9.22 2 d 3Jxw = 6.8 
z 9.45 2 d 3Jz-aa = 6.6 
aa 8.20 2 d 3Jaa-z = 6.6 
ad 5.01 1 m - 
1,2 6.72 8 m - 
3 4.10 8 m - 
4 4.04 8 m - 
5 3.84 8 m - 
 
Table 4-30 - 1H NMR data for [4-7 ⊂ DB24C8][BF4]2 in DCM at 500 MHz  
Proton δ(ppm) # of Protons Multiplicity 3J (Hz) 
a 2.29 3 s - 
c 2.84 2 t 3Jcd = 7.3 
d-k, ae-ag 2.00-1.48 28 m - 
l 2.37 2 t 3Jlk = 7.3 
n 5.16 2 s - 
y, y’ 5.65, 5.51 4 m - 
r 2.47 3 s - 
p 7.38 1 s - 
t 7.38 1 s - 
s 7.41 1 s - 
w 8.00 2 d 3Jwx = 6.9 
x 9.05 2 d 3Jxw = 6.9 
z 9.33 2 d 3Jz-aa = 6.8 
aa 8.09 2 d 3Jaa-z = 6.8 
ad 4.99 1 m - 
1 6.73 4 m - 
2 6.68 4 m - 
3 4.10 8 m - 
4 4.04 8 m - 
5 3.95 8 m - 
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4.16.10 Synthesis of 4-8 
Mercaptoundecanoic acid (2.0 g, 9.2 mmol) and diphenylmethanol (1.7 g, 9.2 
mmol) were dissolved in trifluoroacetic acid (10 mL).  Water was added slowly, followed 
by CH2Cl2 (10 mL) and the resulting solution was washed with water (3 x 20 mL).  The 
CH2Cl2 was dried with anhydrous MgSO4 and concentrated to give 4-8 (3.213 g, 8.4 
mmol, 91 %) 
HO S
O
a b
c d e f g h i j k l m n o
p  
Table 4-31 - 1H NMR data for 4-8 in CDCl3 at 500 MHz 
Proton δ(ppm) # of Protons Multiplicity 3J (Hz) 
b 2.36 2 t 3Jbc = 7.6 
c 1.55 2 m - 
d-i 1.4-1.2 12 m - 
j 1.64 2 m - 
k 2.38 2 t 3Jkj = 7.5 
l 5.15 1 s - 
m-p 7.4-7.2 10 m - 
 
Table 4-32 – 13C NMR data for 4-8 in CDCl3 on 75 MHz 
Carbon δ(ppm)  Carbon δ(ppm) 
a 180.6  l 54.2 
b 34.1  m 141.6 
c 24.6  n, o 128.5, 128.3 
d-j 29.4 – 28.8  p 127.0 
k 32.3    
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Table 4-33 - Transmission IR data for 4-8: KBr disk 
Wavenumber Absorption type 
2852.21 methylene asymmetric C-H stretching 
2922.80 methylene symmetric C-H stretching 
1708.75 carboxylic acid C=O stretching  
 
Melting Point 47 – 49 oC  
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4.16.11 Synthesis of 4-9 
4-8 (723 mg, 1.90 mmol) and DCC (200 mg, 0.95 mmol) were dissolved in dry 
CH2Cl2 under N2 and stirred at 298 K for 18 h.  The solution was filtered and 
concentrated to give 4-9 (312 mg 0.41 mmol 43%)  
O S
O
a b c d e
f g h i
j k l
m n
o
S
O
 
Table 4-34 - 1H NMR data for 4-9 in CDCl3 at 500 MHz 
Proton δ(ppm) # of Protons Multiplicity 3J (Hz) 
a 2.44 2 t 3Jab = 7.5 
b 1.55 2 m - 
c-h 1.4-1.2 12 m - 
i 1.64 2 m - 
j 2.38 2 t 3Jkj = 7.4 
k 5.15 1 s - 
l-n 7.4-7.2 10 m - 
 
Melting Point 51 – 52 oC 
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4.16.12 Synthesis of 4-10 
4-8 (1 g, 2.6 mmol) was dissolved in CH2Cl2 (15 mL). Thionyl chloride (0.3 mL, 
0.47 g 3.94 mmol) was added and the solution refluxed for 1 hour.  Upon cooling the 
solution was pumped down, leaving 4-10 (1.05 g, 2.6 mmol, Quant.) 
Cl S
O
a b c d e
f g h i
j k l
m n
o  
Table 4-35 - 1H NMR data for 4-10 in CDCl3 at 500 MHz 
Proton δ(ppm) # of Protons Multiplicity 3J (Hz) 
a 2.88 2 t 3Jab = 7.2 
b 1.55 2 m - 
c-h 1.4-1.2 12 m - 
i 1.71 2 m - 
j 2.38 2 t 3Jkj = 7.4 
k 5.15 1 s - 
l 7.42 4 d 3Jlm = 7.7 
m 7.31 4 m - 
n 7.23 2 t 3Jmn = 7.4 
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4.16.13 Synthesis of 4-11[BF4]2 
4-6[BF4]2 (0.800 g, 1.3 mmol) and 4-10 (1.05 g, 2.6 mmol) were combined in a 
Schlenk flask under nitrogen.  Dry MeCN (50 mL) was added.  The solution was stirred 
under N2 for 3 days.  The resulting solution was filtered and concentrated.  Ethanol was 
added to precipitate 4-11[BF4]2 as an off-white solid. (932 mg, 0.95 mmol, 73%) 
 
N
N
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Table 4-36 - 1H NMR data for 4-11[BF4]2 in CD3CN at 500 MHz 
Proton δ(ppm) # of Protons Multiplicity 3J (Hz) 
a 5.21 1 s - 
b 2.36 2 t - 
c-j, x-ac 2.00-1.48 28 m - 
k 2.37 2 t - 
l 5.17 2 s - 
m 2.47 3 s - 
n 7.51 1 s - 
o 7.72 1 s - 
p 7.74 1 s - 
q 8.29 2 d 3Jqr = 7.0 
r 8.61 2 d 3Jrq = 7.0 
s,t,w 5.05-5.17 5 m - 
u 8.83 2 d 3Juv = 6.6 
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v 8.50 2 d 3Jvu = 6.6 
a’ 7.44 4 d 3Ja’-a’’ = 7.9 
a’’ 7.32 4 t 3J = 7.6 
a’’’ 7.23 2 t 3Ja’’-a’’’ = 7.4 
 
Melting Point 170 – 175 oC   
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4.16.14 Synthesis of 4-12[BF4]4 
4-11[BF4]2 (652 mg, 0.67 mmol) was dissolved in TFA (13.5 mL).   Phenol (210 
mg) was added and the solution was stirred overnight.  CH2Cl2 and H2O were added and 
the solution was washed with water (3 x 20 mL).  MeCN was added for solubility and 
then it was then dried with anhydrous MgSO4, concentrated, and precipitated with 
ethanol to give 4-12[BF4]4 (504 mg, 0.31mmol, 93%) 
N
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Table 4-37 - 1H NMR data for 4-12[BF4]4 in CD3CN at 500 MHz 
Proton δ(ppm) # of Protons Multiplicity 3J (Hz) 
c-k, ae-ag 2.00-1.48 28 m - 
l 2.37 2 t 3Jlk = 7.4 
n,y,y’,ad 5.17-5.06 7 m - 
r 2.49 3 s - 
p 7.51 1 s - 
t 7.72 1 s - 
s 7.74 1 s - 
w 8.30 2 d 3Jwx = 6.9 
x 8.57 2 d 3Jxw = 6.9 
z 8.79 2 d 3Jz-aa = 6.7 
aa 8.50 2 d 3Jaa-z = 6.7 
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Table 4-38 - 1H NMR data for 4-12[BF4]4 in DMSO at 500 MHz 
Proton δ(ppm) # of Protons Multiplicity 3J (Hz) 
c-k, ae-ag 2.00-1.10 28 m - 
l - 2 - - 
n 5.17 2 s - 
r - 3 - - 
p 7.50 1 s - 
t 7.89 1 s - 
s 7.91 1 s - 
w 8.57 2 d 3Jwx = 5.9 
x 8.98 2 d 3Jxw = 5.9 
y,y’ 5.32, 5.17 4 m - 
z 9.16 2 d 3Jz-aa = 6.1 
aa 8.61 2 d 3Jaa-z = 6.1 
ad 5.17 2 s - 
 
Table 4-39 – 13C NMR data for 4-12[BF4]4 in MeCN at 75 MHz 
Carbon δ(ppm)  Carbon δ(ppm) 
c 31.6  v 158.2 
d-h, ae 29.9-28.7  w 126.4 
k 25.6  x 145.7 
l 34.4  y 59.5 
m 174.0  y` 60.5 
n 65.6  z 147.4 
o 141.2  aa 129.1 
p 133.5  ab 147.4 
q 139.4  ac 161.7 
r 21.1  ad 77.0 
s 125.6  af 23.8 
t 129.1  ag 25.4 
u 134.4    
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Table 4-40 - Transmission IR data for 4-12[BF4]4: KBr disk 
Wavenumber Absorption type 
2855 methylene asymmetric C-H stretching 
2928 methylene symmetric C-H stretching 
1733 carboxylic acid C=O stretching  
 
Melting Point 185 – 190 oC 
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4.16.15 Synthesis of 4-13[BF4] 
4-2 (800 mg, 4.1 mmol) was dissolved in CH2Cl2 (20 mL).  Methyl iodide (3 mL, 
48.1 mmol) was added and the solution refluxed overnight.  The solution was cooled, 
filtered and washed with ethyl acetate.  The precipitate was dissolved in minimal hot 
water, excess NaBF4 was added.  The solution was cooled and filtered to yield 4-13[BF4] 
(440 mg, 1.5 mmol, 36 %) 
N+
OH
a b c
d
e
f g h
ij
k
l m
 
Table 4-41 - 1H NMR data for 4-13[I] in D2O at 500 MHz 
Proton δ(ppm) # of Protons Multiplicity 3J (Hz) 
a 4.34 3 s - 
b 8.72 2 d 3Jbc = 6.8 
c 8.25 2 d 3Jcb = 6.8 
f 7.69 1 s - 
h 7.45 1 s - 
j 7.70 1 s - 
k 2.44 3 s - 
l - - - - 
m - - - - 
 
Table 4-42 - 1H NMR data for 4-13[BF4] in MeCN at 500 MHz 
Proton δ(ppm) # of Protons Multiplicity 3J (Hz) 
a 4.26 3 s - 
b 8.58 2 d 3Jbc = 6.9 
c 8.22 2 d 3Jcb = 6.9 
f 7.63 1 s - 
h 7.44 1 s - 
j 7.68 1 s - 
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k 2.45 3 s - 
l 4.66 2 d 3Jlm = 5.9 
m 3.36 1 t 3Jml = 5.9 
 
Table 4-43 – 13C NMR data for 4-13[BF4] in MeCN at 75 MHz 
Carbon δ(ppm)  Carbon δ(ppm) 
a 48.2  g 140.7 
b 145.9  h 131.9 
c 125.4  i 144.7 
d 156.9  j 124.1 
e 134.5  k 21.2 
f 128.0  l 63.9 
 
Table 4-44 - Transmission IR data for 4-13[BF4]: KBr disk 
Wavenumber Absorption type 
2857 methylene asymmetric C-H stretching 
2922 methylene symmetric C-H stretching 
3362 OH stretching  
 
Melting Point 170 – 175 oC 
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4.16.16 Synthesis of 4-14[BF4] 
4-13[BF4] (0.35 g, 1.16 mmol) and 4-10 (0.94 g, 2.3 mmol) were combined in a 
Schlenk flask under nitrogen.  Dry MeCN (50 mL) was added.  The solution was stirred 
under N2 for 3 days.  The resulting solution was filtered and concentrated.  Ethanol was 
added to precipitate 4-14[BF4] as an off-white solid (550 mg, 0.82 mmol, 71%). 
N+
O
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Table 4-45 - 1H NMR data for 4-14[BF4] in CD3CN at 500 MHz 
Proton δ(ppm) # of Protons Multiplicity 3J (Hz) 
a 4.26 3 s - 
b 8.58 2 d 3Jbc = 6.9 
c 8.22 2 d 3Jcb = 6.9 
f 7.63 1 s - 
h 7.44 1 s - 
j 7.68 1 s - 
k 2.45 3 s - 
l 5.16 2 s - 
n 2.35 2 t 3Jno = 7.4 
o 1.60 2 m - 
p-u 1.3 – 1.15 12 m - 
v 1.50 2 m - 
w 2.37 2 t 3Jwv =7.7 
x 5.21 1 s - 
y’ 7.31 4 m - 
y’’ 7.45 4 m - 
y’’’ 7.23 2 m - 
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Table 4-46 – 13C NMR data for 4-14[BF4] in CD3CN at 75 MHz 
 
Carbon δ(ppm)  Carbon δ(ppm) 
a 48.4  l 65.8 
b 146.1  m 174.2 
c 125.7  n 34.6 
d 156.7  o 25.6 
e 134.9  p-v 29.9-29.3 
f 129.2  w 32.7 
g 149.4  x 54.1 
h 133.1  y 143.1 
i 141.2  y’ 128.9 
j 125.4  y’’ 129.5 
k 21.3  y’’’ 128.0 
 
Table 4-47 - Transmission IR data for 4-14[BF4]: KBr disk 
Wavenumber Absorption type 
2852 methylene asymmetric C-H stretching 
2925 methylene symmetric C-H stretching 
1736 carboxylic acid C=O stretching  
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4.16.17 Synthesis of 4-15[BF4] 
4-14[BF4] (550 mg, 0.82 mmol) was dissolved in TFA (13.5 mL).   Phenol (210 
mg) was added and the solution left overnight.  CH2Cl2 and H2O were added and the 
solution was washed with water (3 x 20 mL).  MeCN was added for solubility and then it 
was dried, concentrated, and precipitated with ethanol to give 4-15[BF4]2 (160 mg, 0.32 
mmol, 39 %) 
N+
O
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Table 4-48 - 1H NMR data for 4-15[BF4] in CD3CN at 500 MHz 
Proton δ(ppm) # of Protons Multiplicity 3J (Hz) 
a 4.26 3 s - 
b 8.59 2 d 3Jbc = 6.9 
c 8.21 2 d 3Jcb = 6.9 
f 7.68 1 s - 
h 7.47 1 s - 
j 7.70 1 s - 
k 2.45 3 s - 
l 5.16 2 s - 
n 2.36 2 t 3Jno = 7.4 
o 1.60 2 m - 
p-u 1.3 – 1.15 12 m - 
v 1.54 2 m - 
w 2.67 2 t 3Jwv =7.2 
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Table 4-49 - Transmission IR data for 4-15[BF4]: KBr disk 
Wavenumber Absorption type 
2854 methylene asymmetric C-H stretching 
2925 methylene symmetric C-H stretching 
1736 carboxylic acid C=O stretching  
 
Melting point –  Turns to oil at 65 oC 
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4.16.18 Synthesis of 4-16[BF4] 
3-5[BF4] (400 g, 1.4 mmol) and 4-10 (1.14 g, 2.8 mmol) were combined in a 
Schlenk flask under nitrogen.  Dry MeCN (50 mL) was added.  The solution was stirred 
under N2 for 3 days.  The resulting solution was filtered and concentrated.  Ethanol was 
added to precipitate 4-14[BF4] as an off-white solid (600 mg, 0.92 mmol, 66%). 
a b c
d e f g
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Table 4-50 - 1H NMR data for 4-16[BF4] in CD3CN at 500 MHz 
Proton δ(ppm) # of Protons Multiplicity 3J (Hz) 
a 4.26 3 s - 
b 8.60 2 d 3Jbc = 6.9 
c 8.22 2 d 3Jcb = 6.9 
f 7.90 2 d 3Jfg = 8.4 
g 7.59 2 d 3Jgf = 8.4 
i 5.19 2 s - 
k 2.37 2 t 3Jno = 7.4 
l 1.60 2 m - 
m-r 1.3 – 1.15 12 m - 
s 1.50 2 m - 
t 2.67 2 t 3Jwv =7.7 
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Table 4-51 – 13C NMR data for 4-16[BF4] in CD3CN at 75 MHz 
Carbon δ(ppm)  Carbon δ(ppm) 
a 48.5  j 174.2 
b 146.2  k 34.7 
c 125.7  l 25.7 
d 156.5  m-s 30.0-29.4 
e 134.3  u 54.3 
f 129.8  v 143.2 
g 129.2  v’ 129.0 
h 142.2  v’’ 129.5 
i 65.7  v’’’ 128.1 
 
Table 4-52 - Transmission IR data for 4-16[BF4]: KBr disk 
Wavenumber Absorption type 
2853 methylene asymmetric C-H stretching 
2922 methylene symmetric C-H stretching 
1736 carboxylic acid C=O stretching  
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4.16.19 Synthesis of 4-17[BF4] 
4-14[BF4] (600 mg, 0.92 mmol) was dissolved in TFA (13.5 mL).   Phenol (210 
mg) was added and the solution was stirred overnight.  CH2Cl2 and H2O were added and 
the solution was washed with water (3 x 20 mL).  MeCN was added for solubility and it 
was then dried, concentrated, and precipitated with ethanol to give 4-15[BF4]2 (110 mg, 
0.22 mmol, 24%) 
a b c
d e f g
h i j k l m n o p
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Table 4-53 - 1H NMR data for 4-17[BF4] in CD3CN at 500 MHz 
Proton δ(ppm) # of Protons Multiplicity 3J (Hz) 
a 4.22 3 s - 
b 8.58 2 d 3Jbc = 6.9 
c 8.22 2 d 3Jcb = 6.9 
f 7.90 2 d 3Jfg = 8.4 
g 7.60 2 d 3Jgf = 8.5 
i 5.19 2 s - 
k 2.35 2 t 3Jno = 7.4 
l 1.60 2 m - 
m-r 1.3 – 1.15 12 m - 
s 1.50 2 m - 
t 2.37 2 t 3Jwv =7.7 
u 5.21 1 s - 
v’ 7.31 4 m - 
v’’ 7.45 4 m - 
v’’’ 7.23 2 m - 
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Table 4-54 - Transmission IR data for 4-17[BF4]: KBr disk 
Wavenumber Absorption type 
2851 methylene asymmetric C-H stretching 
2920 methylene symmetric C-H stretching 
1739 carboxylic acid C=O stretching  
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4.16.20 Synthesis of 4-18 
Na (175 mg, 7.7 mmol) was dissolved in propanol (30 mL) under N2.  3-11 (1.26 
g 1.53 mmol) was added to the solution and refluxed for 1 day.  The excess Na was 
quenched with water.  The solvent was removed and the residue dissolved in DCM, 
washed with water and concentrated to give 4-18 (1.506 g, 1.1 mmol, 69 %) 
O
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Table 4-55 - 1H NMR data for 4-18 in CDCl3 at 500 MHz 
Proton δ(ppm) # of Protons Multiplicity 3J (Hz) 
a 4.47 8 s - 
b 6.92 4 s - 
c 4.16 8 t 3Jcd = 4.2 
d 3.91 8 t 3Jdc = 4.2 
e 3.83 8 s - 
f 3.41 8 t 3Jfg = 6.7 
g 1.62 8 m - 
h 0.93 12 t 3Jhg = 7.4 
 
Melting Point 70 – 72 oC 
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4.16.21 Synthesis of 4-19 
DB24C8 (2 g, 4.4 mmol), I2 (9.04 g, 35.7 mmol) and Hg(OAc)2 (5.68 g, 17.8 
mmol) were dissolved in DCM (50 mL) under nitrogen in the absence of light and stirred 
for 2 d.  The solution was filtered, washed with NaHSO3 (3 x 40 mL), dried with 
anhydrous MgSO4 and concentrated.  The solid residue was rinsed with minimal MeCN 
and filtered to yield 4-19 (2.01 g, 2.1 mmol, 48%) 
O
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Table 4-56 - 1H NMR data for 4-19 in CD2Cl2 at 500 MHz 
Proton δ(ppm) # of Protons Multiplicity 3J (Hz) 
a 7.25 4 s - 
b 4.09 8 t 3Jbc = 4.2 
c 3.88 8 t 3Jcb = 4.2 
d 3.78 8 s - 
 
Table 4-57 - 1H NMR data for 4-19 in DMSO at 500 MHz 
Proton δ(ppm) # of Protons Multiplicity 3J (Hz) 
a 7.36 4 s - 
b 4.06 8 t 3Jbc = 4.1 
c 3.72 8 t 3Jcb = 4.1 
d 3.62 8 s - 
 
Melting Point 186 – 189 oC 
  
169 
 
4.16.22 Synthesis of 4-20 
4-19 (1.785 g 1.9 mmol) Cs2CO3 (9.10 g 27.9 mmol), 1,10-phenanthroline (1.345 
g 7.5 mmol) and CuI (1.42 g 7.5 mmol) were dissolved in anhydrous MeOH (50 mL) in 
the absence of light.  The solution was irradiated with microwave irradiation for 10 h at 
110oC (~60 psi), filtered and concentrated.  The residue was dissolved in CHCl3, filtered, 
washed with H2O (3 x 40mL), dried anhydrous MgSO4 and concentrated.  The resulting 
oil was subjected to RP-C18 column chromatography (MeOH: H2O 40 – 100%). The 
resulting reddish solid was rinsed with minimal MeCN and filtered to yield 4-20 as a 
white solid(319 mg, 0.56 mmol, 30%) 
O
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Table 4-58 - 1H NMR data for 4-20 in CDCl3 at 500 MHz 
Proton δ(ppm) # of Protons Multiplicity 3J (Hz) 
a 3.83 12 s - 
b 6.60 4 s - 
c 4.15 8 t 3Jcd = 4.6 
d 3.88 8 t 3Jdc = 4.6 
e 3.80 8 s - 
 
Melting Point 140 – 141 oC 
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4.16.23 Synthesis of [4-12 ⊂ R4DB24C8][BF4]4 
 4-12[BF4]4 (200 mg, 0.25 mmol) was dissolved in MeNO2 (20 mL) with excess 
R4DB24C8.  The solution was heated to 323 K for a period of three days and slowly 
cooled to room temperature (293 K) over four days.  The solution was concentrated and 
the resulting solid washed with toluene (4 x 20 mL) to give [4-12 ⊂ R4DB24C8][BF4]4. 
(R = H, 232 mg, 0.09 mmol, 72%) (R = OMe, 355 mg, 0.11 mmol, 92%) (R = CH2OPr, 
261 mg, 0.09 mmol, 76%) 
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Table 4-59 - 1H NMR data for [4-12 ⊂ DB24C82][BF4]4 in CD3CN at 500 MHz 
Proton δ(ppm) # of Protons Multiplicity 3J (Hz) 
c 2.68 2 t 3Jcd = 7.3 
d-k, ae-ag 2.00-1.48 28 m - 
l 2.41 2 t 3Jlk = 7.3 
n 5.16 2 s - 
y, y’ 5.57, 5.47 4 m - 
r 2.45 3 s - 
p 7.25 1 s - 
t 7.24 1 s - 
s 7.44 1 s - 
w 7.89 2 d 3Jwx = 7.0 
x 9.03 2 d 3Jxw = 7.0 
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z 9.24 2 d 3Jz-aa = 6.7 
aa 8.13 2 d 3Jaa-z = 6.7 
ad 5.02 1 m - 
1,5 6.66 8 m - 
2-4 3.9-4.1 24 m - 
 
Table 4-60 - 1H NMR data for [4-12 ⊂ DB24C82][BF4]4 in CD3NO2 at 500 MHz 
Proton δ(ppm) # of Protons Multiplicity 3J (Hz) 
c 2.70 2 t 3Jcd = 7.3 
d-k, ae-ag 2.00-1.3 28 m - 
l 2.45 2 t 3Jlk = 7.3 
n 5.18 2 s - 
y, y’ 5.80, 5.71 4 m - 
r 2.48 3 s - 
p 7.42 1 s - 
t 7.44 1 s - 
s 7.54 1 s - 
w 8.06 2 d 3Jwx = 6.8 
x 9.25 2 d 3Jxw = 6.8 
z 9.47 2 d 3Jz-aa = 6.6 
aa 8.22 2 d 3Jaa-z = 6.6 
ad 5.04 1 m - 
1,5 6.76 8 m - 
2-4 3.9-4.1 24 m - 
 
Table 4-61 - 1H NMR data for [4-12 ⊂ (MeO4DB24C8)2][BF4]4 in CD3CN at 500 MHz 
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Proton δ(ppm) # of Protons Multiplicity 3J (Hz) 
c 2.66 2 t 3Jcd = 7.3 
d-k, ae-ag 2.00-1.48 28 m - 
l 2.39 2 t 3Jlk = 7.3 
n 5.14 2 s - 
y, y’ 5.56, 5.43 4 m - 
r 2.45 3 s - 
p 7.32 1 s - 
t 7.32 1 s - 
s 7.42 1 s - 
w 7.90 2 d 3Jwx = 5.8 
x 9.00 2 d 3Jxw = 5.8 
z 9.24 2 d 3Jz-aa = 6.1 
aa 8.20 2 d 3Jaa-z = 6.1 
ad 4.99 1 m - 
1 6.31 4 s - 
2-4 3.9-4.1 24 m - 
5 3.56 12 s - 
 
Table 4-62 - 1H NMR data for [4-12 ⊂ (MeO4DB24C8)2][BF4]4 in CD3NO2 at 500 MHz 
Proton δ(ppm) # of Protons Multiplicity 3J (Hz) 
c 2.70 2 t 3Jcd = 7.3 
d-k, ae-ag 2.00-1.3 28 m - 
l 2.45 2 t 3Jlk = 7.3 
n 5.19 2 s - 
y, y’ 5.80, 5.67 4 m - 
r 2.48 3 s - 
p 7.44 1 s - 
t 7.44 1 s - 
s 7.49 1 s - 
w 8.08 2 d 3Jwx = 6.3 
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x 9.23 2 d 3Jxw = 6.3 
z 9.45 2 d 3Jz-aa = 6.2 
aa 8.28 2 d 3Jaa-z = 6.2 
ad 5.03 1 m - 
1 6.45 4 s - 
2-4 3.9-4.1 24 m - 
5 3.74 12 s - 
 
Table 4-63 - 1H NMR data for [4-12 ⊂ [(PrOCH2)4DB24C8]2][BF4]4 in CD3CN at 500 
MHz 
Proton δ(ppm) # of Protons Multiplicity 3J (Hz) 
c 2.68 2 t 3Jcd = 7.3 
d-k, ae-ag, 7 2.00-1.48 28 m - 
l 2.41 2 t 3Jlk = 7.3 
n 5.17 2 s - 
y, y’ 5.57, 5.40 4 m - 
r 2.46 3 s - 
p 7.25 1 s - 
t 7.27 1 s - 
s 7.42 1 s - 
w 7.75 2 d 3Jwx = 6.5 
x 8.95 2 d 3Jxw = 6.5 
z 9.32 2 d 3Jz-aa = 6.3 
aa 8.30 2 d 3Jaa-z = 6.3 
ad 5.03 1 m - 
1 6.67 4 s - 
2-4 3.9-4.1 24 m - 
5 4.42 8 s - 
6 3.24 8 t 3J67 = 6.5 
8 0.89 12 t 3J87 = 7.1 
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Table 4-64 - 1H NMR data for [4-12 ⊂ [(PrOCH2)4DB24C8]2][BF4]4 in CD3NO2 at 500 
MHz 
Proton δ(ppm) # of Protons Multiplicity 3J (Hz) 
c 2.71 2 t 3Jcd = 7.3 
d-k, ae-ag 2.00-1.48 28 m - 
l 2.45 2 t 3Jlk = 7.3 
n 5.19 2 s - 
y, y’ 5.82, 5.64 4 m - 
r 2.50 3 s - 
p 7.37 1 s - 
t 7.37 1 s - 
s 7.50 1 s - 
w 7.90 2 d 3Jwx = 6.3 
x 9.13 2 d 3Jxw = 6.3 
z 9.58 2 d 3Jz-aa = 6.1 
aa 8.44 2 d 3Jaa-z = 6.1 
ad 5.07 1 m - 
1 6.79 4 s - 
2-4 3.9-4.1 24 m - 
5 4.54 8 s - 
6 3.29 8 t - 
8 0.89 12 t 3J87 = 7.1 
 
HR-MS (ESI-ToF)  
m/z found :1166.5751  [M]2+, [C124H166B2F8N4O24S2]2+, calc: 1166.5690 
m/z found :748.7128  [M]3+, [C124H166BF4N4O24S2]3+, calc: 748.7115 
m/z found :539.7855  [M]4+, [C124H166N4O24S2]4+, calc: 539.7828 
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4.16.24 XPS Survey Scans 
 
 
XPS survey scans of Compound 4-12[BF4]4 (top) and [4-12 ⊂ DB24C82][BF4]4 (bottom)  
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Chapter 5 
Mixed Self Assembled Monolayers of Slippage [2]Rotaxanes 
5.1 Introduction: What are mixed SAMs?1  
A mixed SAM is a self assembled monolayer consisting of at least two different 
adsorbates.  They provide another avenue to follow in designing the surface properties of 
metal substrates. 
An idealized example of a mixed SAM consisting of two different length 
alkanethiols is shown in Figure 5-1.  There are two common scenarios that occur when 
forming mixed SAMs.  The first one is the formation of macroscopic islands, where 
similar adsorbates aggregate together, forming domains of a single adsorbate spread 
throughout the SAM.  This usually occurs due to the stronger interactions between 
similar molecules compared to the other adsorbates.  The alternate scenario consists of a 
fairly homogeneously dispersed amount of each adsorbate through the SAM.1 
 
Figure 5-1 – An illustrated example of a mixed SAM.  
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 Mixed SAMs are formed quite easily.  The most common way is by dissolving 
the different adsorbates together in a solvent and exposing it to the metal substrate.  As 
mentioned in Chapter 1, formation of the SAM is ultimately defined by thermodynamic 
control.  As a result, the ratio of the adsorbates in solution may not necessarily correlate 
directly to the ratio in the SAM.2 
 Some of the earliest mixed SAMs were developed by Whitesides et al., where 
they compared the effect of alkane chain length1 and terminal functional group3 on 
alkanethiol based mixed SAMs.  With varying chain lengths, they found that the 
monolayer consisted of specific regions of order and disorder where the region closer to 
the gold is more ordered.  It was also observed that mixed SAMs were the most 
disordered at equimolar concentrations where a drastic change between two states was 
occurring.  Outside of that region, the SAMs more closely resembled that of the 
corresponding pure thiols.  A similar pattern was noticed when the terminal methyl group 
was replaced with a hydroxyl group in one of the adsorbates.  With less compatible tail 
groups, such as methyl and acid groups, the resulting interactions between tail groups 
cause non-ideal behavior in the composition and hydrophilicity of the SAM4 which often 
results in phase separation and island formation.5 
Tielens et al. conducted a study forming mixed SAMs of 11-MUA and 11-
mercaptoundecanol.6 The results were relatively evenly dispersed throughout the SAM 
with evidence of hydrogen bonding occurring between the acid and alcohol groups.  This 
showed that mixed SAMs where the co-adsorbates are complimentary in length to each 
other favour an even distribution of the adsorbates.   
Mixed SAMs have an added benefit when used with adsorbates with larger tail 
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groups, such as rotaxanes7,8,9 or dendrimers.10,11  Larger tail groups usually end up 
strongly affecting the packing in the SAM.  This is largely due to the increase in steric 
hindrance that they cause.  The alkane chains are unable to get close enough to produce 
any significant stabilizing VDW interactions, regardless of how much tilting occurs.  The 
result is a poorly packed SAM with a lot of disorder and more liquid-like hydrocarbon 
regions.  The addition of an appropriately chosen co-adsorbate can pack into the SAM, 
providing structure and inter-chain packing.  The result is a sturdier SAM that can be 
more reliably characterized and manipulated.2   
5.2 Finding the Right Co-Adsorbate 
 When forming mixed SAMs with the slippage [2]rotaxane system from chapter 4, 
the first question that needs to be answered is: what molecule would be an appropriate 
co-adsorbate?  When choosing a co-adsorbate, there are a few factors that need to be 
considered.  The first one is the length of the alkane chain.  It needs to be long enough 
that it can provide enough inter-chain packing to add the necessary stabilization to the 
SAM and not too long that it interferes with packing of the [2]rotaxane itself.  A 
preferred length would be comparable to that of the linker group; about ten or eleven 
carbons long.  The second factor is the choice of the tail group.  Ideally, the tail group 
should have as few potential interactions with the recognition site as possible.  The last 
portion that could be customized is the binding group.  A thiol based interaction was 
chosen to remain consistent with the previously characterized slippage system. 
Another key factor to consider when choosing the co-adsorbate is the overall 
solubility of the molecule.  SAMs are often formed in solvents such as ethanol since 
alkanethiols dissolve fairly well.  Modification of the various molecular components has 
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an effect on the overall solubility.  Alkane chains are, in general, poorly soluble in polar 
solvents.  Polar head-groups can provide extra solubility in polar solvents such as 
acetonitrile.  They can also be modified with other functional groups added into the chain 
itself, however, this has the potential to negatively impact the packing of the chains.    
 The first co-adsorbate that was studied was 1-undecanethiol as this was one of the 
simplest and easiest to access thiols.  On top of that, alkanethiols of various lengths have 
been well studied1 under numerous conditions, both as pure SAMs and in mixed SAMs.  
In terms of length, 1-undecanethiol would fit very well under the recognition site of 
compound 4-12[BF4]2, assuming a fully trans extended SAM. It should, therefore, have 
little impact on the rotaxane itself.     
 1-Undecanethiol was mixed with compound 4-12[BF4]4 in acetonitrile.  SAMs 
were formed over a period of 4 days and then characterized through EIS measurements.  
Solutions of 25 and 50 % 1-undecanethiol were used in SAM formation.  It was assumed 
that, since SAMS formed from compound 4-12[BF4]4 showed low resistance and packed 
loosely, thermodynamically, 1-undecanethiol would dominate in the SAM formation.  It 
has the potential to pack much more uniformly and thoroughly.  To account for this, 
solutions were used with a larger amount of compound 4-12[BF4]4 relative to 1-
undecanethiol.  The results are shown in Figure 5-2 and summarized in Table 5-1. 
 The results with 1-undecanethiol were far from expected.  The mixed SAMs 
produced resistances that were much lower than that of either of the pure SAMs.  On top 
of that, the SAM of pure 1-undecanethiol had a resistance of 2.9 kΩ with a very high 
Warburg element.  Pure SAMs of undecanethiol have been formed in the past using 
alternative solvents and they produce monolayers with about 1 MΩ of resistance without 
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the need for a Warburg element.  This difference was likely due to the change of the 
solvent to acetonitrile, which is needed to dissolve compound 4-12[BF4]4 in any 
appreciable quantities.  While solubility was always a concern, it was assumed that the 
small quantities of 1-undecanethiol (less than 1 mM) that were necessary would dissolve 
in acetonitrile.  These results confirmed that assumption was incorrect and showed that 
the mixed SAMs formed with 1-undecanethiol was not a viable option.   
 In order to increase the solubility of the alkanethiol in acetonitrile, the molecule 
needed to be more polar.  This led to the study of the second co-adsorbate, 11-
mercaptoundecan-1-ol.  It was rationalized that the addition of the hydroxyl group to the 
end of the alkyl chain would promote solubility in more polar solvents.  Mixed SAMs 
with 1:1 11-mercaptoundecan-1-ol: 4-12[BF4]4 were formed and the EIS results are 
shown in Figure 5-3 and Table 5-1.  The results with 11-mercaptoundecan-1-ol were just 
a poor as the previous set employing 1-undecanethiol, yielding SAMs with low 
resistances.  Solubility appeared to still be the main issue, greatly impacting the results.   
Name R (kΩ) C (μF) W (DW) 
1-undecanethiol (C10S) 2.9(0.3) 2.0(0.2) 982(309) 
50:50 4-12[BF4]4:C10S 0.6(0.1) 2.93(0.03) 580 (92) 
75:25 4-12[BF4]4:C10S 1.04(0.07) 2.97(0.1) 430(76) 
4-12[BF4]4 1.9(0.2) 2.17(0.03) 265(12) 
50:50 4-12[BF4]4:HOC11S 1.3(0.2) 3.1(0.4) 428(46) 
1:1 mercaptoundecan-1-ol: (HOC11S) 0.5(0.2) 2.8(0.2) 338(10) 
Method a 0.42(0.09) 3.0(0.2) 257(9) 
Method b 1.74(0.08) 2.32(0.04) 308 (14) 
11-Mercaptoundecanoic Acid 301(39) 2.2(0.1) - 
 
Table 5-1 - A summary of the initial mixed SAM results with 4-12[BF4]4 
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Figure 5-2 – Bode and Nyquist plots of the EIS results of mixed SAMs of compound 4-
12[BF4]4 and 1-undecanethiol. For the Bode plots, the best fit (dashed) and experimental 
(solid) data is shown. 
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Figure 5-3 – Bode and Nyquist plots of the EIS results of mixed SAMs of compound 4-
12[BF4]4 and 11-mercaptoundecan-1-ol. For the Bode plots, the best fit (dashed) and 
experimental (solid) data is shown. 
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c)  
 
 
Figure 5-4 – Bode and Nyquist plots of the EIS results of mixed SAMs of compound 4-
12[BF4]4 using a solvent mixture (Method a) or stepwise formation (Method b) method. 
For the Bode plots, the best fit (dashed) and experimental (solid) data is shown. 
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 A couple of different methods were devised to get around the solubility issue 
without the need for a better co-adsorbate.   The results of both methods are summarized 
in Figure 5-4 and Table 5-1.  The first method (a) involved the use of a solvent mixture.  
It was hoped that a mixture of both acetonitrile and dichloromethane would be able to 
dissolve both components well enough to form a better mixed SAM.  In a 1:5 mixture of 
MeCN: CH2Cl2 SAMs were formed using compound 4-12[BF4]4. Based on the EIS 
results, it was observed that the solvent mixture impacts the SAM somewhat negatively 
yielding poorer SAMS.  As a result, this method is not a viable route towards mixed 
SAM formation.  The second method (b) is a two-step process.  In the first step, a SAM 
of compound 4-12[BF4]4 was formed as previously described.  After formation, the SAM 
was exposed to a solution of 1-undecanethiol for a period of a day.   In this time, 
displacement of some of the adsorbed compound 4-12[BF4]2 molecules by 1-
undecanethiol and  the binding of 1-undecanethiol onto any exposed gold substrate (due 
to the poor packing) may occur.  By looking at the EIS results, it could be seen that 
neither of those two scenarios occurred.  In fact, the results are so similar that it appears 
that exposure of the compound 4-12[BF4]4 SAM to 1-undecanethiol had no effect on the 
SAM.  This means that the pits and defects are small enough that a single alkanethiol is 
too large to penetrate through the layer to reach the gold substrate.  Unfortunately, it had 
to be concluded that no mixed SAMs could be formed by this route.   
 At this point, it was concluded that an even more polar co-adsorbate was required.  
The next co-adsorbate that was studied was 11-mercaptoundecanoic acid (MUA).  This 
thiol is very complimentary to compound 4-12[BF4]4 as it is the main component of the 
linker group of compound 4-12[BF4]4.  Prior to the formation of mixed SAMs with 
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MUA, a SAM of pure MUA was formed in acetonitrile, under similar conditions to that 
used for compound 4-12[BF4]4.  The EIS results for the SAM with MUA were promising, 
showing resistances of about 300 kΩ.   While this resistance is still low compared to what 
could be attained with a different solvent such as ethanol which produces resistances 
ranging from 3.5 - 5.0 mΩ,12 it is high enough for this molecule to be considered a useful 
co-adsorbate.   
5.3 Mixed SAMs of 4-12[BF4]4  and 11-Mercaptoundecanoic Acid 
 With MUA showing promising EIS results in acetonitrile, it was decided to go 
ahead with a full study of the mixed SAMs with compound 4-12[BF4]4.  To this end, a 
series of mixed SAMs in acetonitrile with a range of ratios of the two adsorbates was 
prepared and characterized through EIS, contact angle measurements and RAIRS. 
% MUA R (kΩ) C (μF) W (DW) CA 
100 301(39) 2.2(0.1)  25 (1) 
95 1.8(0.2) 2.4(0.3) 246 (34) 61(1) 
85 10.1(1.7) 2.2 (0.1) - 57(1) 
75 8.8(0.4) 2.3(0.1) - 54(1) 
50 4.4(0.2) 2.37(0.07) - 49(1) 
25 2.7(0.1) 2.4(0.1) 245(79) 47(1) 
0 1.9(0.2) 2.2(0.1) 265(53) 46(1) 
 
Table 5-2 - A summary of the EIS and contact angle results for mixed SAMS of 4-
12[BF4]4 with MUA 
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Figure 5-5 – Bode and Nyquist plots of mixed SAMS of 4-12[BF4]4 with MUA. For the 
Bode plots, the best fit (dashed) and experimental (solid) data is shown. 
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Figure 5-6 – A summary of the resistance and contact angles of the mixed SAMs relative 
to the percentage of MUA used in solution.  
 
 The EIS results, as well as the contact angle results of mixed SAMs of compound 
4-12[BF4]4 and 11-mercaptoundecanoic acid are summarized in Figure 5-5 and Table 5-
2.  It was observed that the overall resistances and contact angles of the SAMs increased 
as ratios with larger quantities of MUA were used.  This shows that MUA was being 
incorporated into the SAM and when a larger amount of MUA was in solution, a larger 
amount of ended up in the SAM, relative to 4-12[BF4]4.      
 The trends that occurred are best interpreted through a line graph, as shown in 
Figure 5-6.  The graph begins on the left, where the SAM consists purely of compound 4-
12[BF4]2.  Progressing to the right, both the resistance and contact angle slowly increase.  
This is a result of MUA being incorporated into the SAM.  The MUA causes an 
improvement to the overall packing of the SAM. A SAM of just compound 4-12[BF4]2 is 
190 
 
unable to pack well due to the large tail group.   As more MUA was included in the 
SAM, some of it adsorbs between the 4-12[BF4]2 molecules, providing additional VDW 
interactions, Au-S bonds, and hydrogen bonding between the ester and acid groups which 
helps to form a more stable and better packed SAM.   There is a limit to this increase at 
the point where an ideal ratio of MUA and 4-12[BF4]2 occurs; this appears to be when the 
solution is about 70 - 80 % MUA. After that point, it was expected that the binding of 
MUA to the SAM would dominate SAM formation and a SAM similar to that of pure 
MUA would begin to form.  However, there was an anomalous dip in the resistance at 
solutions of 95 % MUA.  At this point, it is believed that the flexibility of the ethylene 
bridge plays a role.  Without the macrocycle, the recognition site has the potential to 
rotate about the ethylene bridge.  This allows for the potential of additional non-covalent 
interactions to occur.  It is believed that this is occurring in SAMs with solutions of 95% 
MUA.  Not only is there the additional π-stacking occurring, but MUA has the potential 
to hydrogen bond with the ester group in the slippage stopper.  At this point, these 
interactions appear to dominate in the SAM formation over the VDW and Au-S 
interactions, resulting in a less dense SAM and hence poorer resistance.   
 The increase in the contact angle as more MUA is used was unexpected.  Adding 
MUA to the monolayer was expected to cause a decrease in the contact angles since 
water would prefer to spread over MUA if it was exposed at the surface.  The flexibility 
of the ethylene bridge is believed to the responsible for the slow increase in contact angle.   
In order to confirm this hypothesis, a series of mixed SAMs were formed using 
the model compounds 4-15[BF4]2 and 4-15[BF4]2 with MUA.  Since these compounds do 
not have the stopper group, it would be expected that the low resistances at high MUA 
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percentages would not occur since they do not contain the flexible ethylene bridge.  
Unfortunately, the model compounds proved to be too insoluble in acetonitrile and the 
SAMs that were formed appeared to be pure MUA at almost all ratios.   
% MUA Methylene (C-H) 
Stretching 
Carbonyl (C=O) 
Stretching 
Asymmetric Symmetric 
100 2920 2850 1721 
95 2926 2853 1740 
85 2927 2854 1739 
75 2923 2852 1738 
50 2924 2852 1738 
25 2921 2851 1733 
0 2921 2853 1740 
 
Table 5-3 - A summary of the notable stretches obtained through RAIRS 
  
 
Figure 5-7 – The methylene region of the RAIRS spectra of mixed SAMS of 4-12[BF4]4 
with MUA 
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RAIRS were also conducted on the above mentioned mixed SAMs and the results 
are summarized in Figure 5-7 and Table 5-3.  It was seen that by including MUA in the 
SAM, there was a slight increase into the crystalline nature of the alkane chain in the 
SAM.  At higher percentages, the alkyl chains began to show a more disordered and 
liquid-like nature.  This is likely occurring as a result of the flexibility of the recognition 
site as mentioned above.   
5.4 Mixed SAMs with the Corresponding Slippage [2]Rotaxanes 
 Mixed SAMs formed with MUA and compound 4-12[BF4]4 showed interesting 
results with two distinct states of the SAMs.  The next step was to see if the comparable 
slippage [2]rotaxanes would show similar properties and trends.  Mixed SAMs of the 
slippage [2]rotaxanes were prepared and characterized in a similar manner to that of 
mixed SAMs of compound 4-12[BF4]4, except with a macrocycle around the recognition 
site.  Slippage [2]rotaxanes formed from two different macrocycles, namely DB24C8 and 
(PrOCH2)4DB24C8, were studied. 
The EIS results of the slippage [2]rotaxanes for both macrocycles are summarized 
in Figure 5-8, Figure 5-9 and Table 5-4.  The results show an increase in the resistance as 
the percentage of MUA in solution is increased for the slippage [2]rotaxanes of both 
macrocycles.  This again confirmed that mixed SAMs of the slippage [2]rotaxanes with 
MUA were successfully formed. 
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Figure 5-8 – Bode and Nyquist plots of the EIS results of mixed SAMs of MUA and [4-
12 ⊂ DB24C8][BF4]2. For the Bode plots, the best fit (dashed) and experimental (solid) 
data is shown. 
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Figure 5-9 – Bode and Nyquist plots of the EIS results of mixed SAMS of MUA with [4-
12 ⊂ (PrOCH2)4DB24C8][BF4]2. For the Bode plots, the best fit (dashed) and 
experimental (solid) data is shown. 
195 
 
Macrocycle % MUA R (kΩ) C (μF) W (DW) CA 
 
 
 
 
 
DB24C8 
100 301(39) 2.2(0.1) - 25(1) 
90 9.5(1.0) 2.3(0.1) - 46(1) 
80 3.6(0.4) 2.2(0.1) 321(92) 46(1) 
75 4.7(1.0) 2.1(0.1) 302(98) 52(1) 
60 3.9(0.3) 2.3(0.1) 279(93) 49(1) 
40 2.8(0.2) 2.2(0.1) 266 (110) 47(1) 
25 1.6(0.2) 2.3(0.1) 248(170) 46(1) 
0 0.14(0.03) 3.4(0.3) 238(17) 45(1) 
 
 
 
 
 
(PrOCH2)4 
DB24C8 
100 301(39) 2.2(0.1) - 25(1) 
90 9.1(1.0) 2.3(0.1) 1515(880) 30(1) 
80 5.4(0.5) 2.3(0.1) 899(534) 30(1) 
70 5.4(0.2) 2.4(0.1) 396(290) 32(1) 
60 3.8(0.7) 2.4(0.1) 354(200) 30(1) 
40 2.9(0.1) 2.6(0.1) 392(190) 32(1) 
25 2.7(0.2) 2.6(0.1) 322(210) 36(2) 
0 0.22(0.01) 2.9(0.1) 230(36) 42(3) 
 
Table 5-4 - A summary of the EIS and contact angle results mixed SAMS of slippage 
[2]rotaxanes with MUA 
 
 Again, the patterns in the EIS results are best rationalized through the line graph 
shown in Figure 5-10.  The patterns in the change in resistance are similar to that for 4-
12[BF4]4.  As the amount of MUA in solution is slowly increased, a steady rise in the 
overall resistance of the SAM occurs.  This increase is not as drastic as it is for the SAMs 
without the macrocycles, however, it was still very prominent.  The increase continues 
until it reaches the critical point, which occurs with solutions of MUA between 60 and 80 
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percent, varying slightly depending on the macrocycle.  It is at this point where the ideal 
ratio of [2]rotaxane and MUA on the surface occurs.  After that, any larger percentage of 
MUA in solution results in a large increase in the resistance, likely due to the binding of 
MUA to the gold substrate dominating SAM formation.   
 
Figure 5-10 – A summary of the resistance of the mixed SAMs relative to the percentage 
of MUA used in solution. 
 
Unlike 4-12[BF4]4, the anomalous dip in resistance which occurred at 95% does 
not occur with the [2]rotaxanes.  This, to some extent, supports the hypothesis proposed 
earlier, that the molecule is flexible about the ethylene bridge, which favours hydrogen 
bonding and π-stacking interactions.  With a macrocycle present, the recognition site is 
no longer flexible at the ethylene bridge which in turn prevents any of those interactions 
from occurring.   
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Figure 5-11 – A summary of the contact angles of the mixed SAMs relative to the 
percentage of MUA used in solution. 
 
With DB24C8, the contact angles of the mixed SAMs show a relatively constant 
value as a larger percentage of MUA is used, until about 80 percent where the formation 
of a MUA SAM dominates.  This pattern is different to that observed for mixed SAMs 
without a macrocycle, where there is a slow increase in the contact angle.  It is believed 
that the [2]rotaxane is preventing the surface from seeing the acid groups which results in 
a stable value for the contact angles instead of a steady decrease as more MUA is 
included in the SAM  The mixed SAMs with the tetrapropoxymethyl macrocycle show 
an opposite pattern, where the angle decreased as more MUA was used.  This led to the 
conclusion that the presence of the four propoxymethyl substituents affects the packing of 
the SAM in such a way that the carboxylic acid groups of MUA are no longer shielded by 
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the [2]rotaxane, resulting in a reduction of the contact angles as the surface is composed 
of more and more MUA.       
5.5 Crown Removal using Mixed SAMs 
 Previous attempts at removing the macrocycle from a [2]rotaxane which is 
attached to the surface of the SAM met with only some success.  Although the results 
lead to the conclusion that the macrocycle was successfully removed, intercalation of 
DMSO into the monolayer was a major issue, causing the results to be difficult to 
interpret.  MUA has been shown to form mixed SAMs with 4-12[BF4]4 and improve the 
overall packing of the SAM.  This leads to the question of whether or not this 
improvement in the packing would have any effect on the intercalation of DMSO.   
 
Figure 5-12 – Bode plots of the EIS results of mixed SAMS before (dash) and after (line) 
immersion in DMSO 
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Macrocycle DMSO 
immersion 
R (kΩ) C (μF) W (DW) CA 
 
None 
Prior to 8.8(0.4) 2.3(0.1) - 54(1) 
After 27.0(2.8) 2.2(0.1) - 67(1) 
 
DB24C8 
Prior to 4.7(1.0) 2.1(0.1) 302(98) 52(1) 
After 8.0(2.0) 2.2(0.1) - 60(1) 
 
(PrOCH2)4DB24C8 
Prior to 5.4(0.2) 2.4(0.1) 396(290) 32(1) 
After 15.1(1.4) 2.1(0.1) - 53(1) 
Table 5-5 - A summary of the EIS and contact angle results of the crown removal studies 
 To answer this question, SAMs were prepared similar to the previous sections.  
Before characterization, the SAMs were immersed in DMSO for a period of two days, 
soaked in MeCN for two hours, rinsed and then dried under a stream of nitrogen.  The 
mixed SAMs that were studied were all formed using solutions of 70 percent MUA 
because at this percentage the SAMs appeared to be the most ordered without having too 
large of an excess of MUA.   
 The major results are summarized in Figure 5-12 and Table 5-5.  The most 
notable points of data are the changes in resistance before and after the SAMs were 
soaked in DMSO.  All of the samples show an increase in the resistance, which indicates 
that DMSO is still able to intercalate into the SAMs, even though MUA is present.  The 
addition of MUA does not improve the nature of the SAM enough to prevent any DMSO 
from intercalating.  However, the presence of MUA did have an effect on the ability of 
DMSO to intercalate into the SAM.  The changes in the resistances were significantly 
reduced compared to that of the SAMs formed without MUA.  The presence of MUA 
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appears to have restricted, but not eliminated, the ability of DMSO to intercalate into the 
SAM. 
5.6 Summary and Conclusions 
 Several different thiols were studied to test their ability to act as a good co-
adsorbate for mixed SAMs with compound 4-12[BF4]4.  Solubility proved to the major 
issue when choosing a good co-adsorbate.  1-Undecanethiol and 11-mercaptoundecan-1-
ol were not soluble enough in acetonitrile for use in mixed SAMs, however 11-
mercaptoundecanoic acid was.  After forming mixed SAMs with MUA and 4-12[BF4]4, 
two distinct states of the mixed SAMs were observed, resulting from two different 
packing arrangements for 4-12[BF4]4.  Mixed SAMs of the slippage [2]rotaxanes using 
both DB24C8 and the propoxymethyl derivative were formed.   Attempts to remove the 
macrocycles using DMSO after the SAM was formed still showed that intercalation was 
occurring, however, its effect on the SAMs were reduced significantly.  Mixed SAMs 
have been shown to improve the overall packing of [2]rotaxane based SAMS, however 
major issues such as insolubility of the co-adsorbate arose.   
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5.7. Experimental 
As-Dep gold films were produced by depositing 10 nm titanium as an adhesion 
promoter followed by 1000 nm gold onto silicon wafers using an e-beam evaporator. The 
gold films were stored under nitrogen prior to use to minimize surface contamination.  
As-Dep substrates were immersed into a 2 mM solution of various ratios of each 
adsorbate in anhydrous acetonitrile for 4 d. Substrates were then removed from solution, 
rinsed with anhydrous acetonitrile and dried under a stream of nitrogen. 
When removing the macrocycle from the monolayer, the substrate was immersed 
in DMSO for 2 d.  It was then removed from the DMSO and immersed in anhydrous 
acetonitrile for 2 hours, rinsed with anhydrous acetonitrile and dried under a stream of 
nitrogen.  
XPS spectra were collected at Surface Science Western (London, Ontario, 
Canada) using a Kratos Axis Nova X-ray photoelectron spectrometer with a 
monochromatic Al Kα source. The detection limit of the instrument is 0.1−0.5 atomic 
percent. Both survey scan and high-resolution analyses were carried out over a 300 μm × 
700 μm scan area. Survey scan analyses were carried out with a pass energy of 160 eV, 
and high resolution analyses were carried out with a pass energy of 20 eV. Samples were 
analyzed at a 30° takeoff angle (60° tilt).  
Reflection−absorption infrared (RAIR) spectra were collected using a Bruker IFS 
66/v spectrometer equipped with an MCT detector and Harrick Autoseagull accessory. 
The p-polarized light was incident at 85° from the surface normal; 1024 scans were 
collected at a resolution of 2 cm−1. 
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Water contact angles were measured using the sessile drop method on a Rame-
Hart contact angle goniometer equipped with a microliter syringe and a tilting stage. In 
each case, at least three drops from two samples were averaged. 
EIS spectra were collected using a BAS-Zahner IM6 ex-impedance unit. A glass 
cell equipped with a calomel/saturated KCl reference electrode and a 1.0 mm Pt wire 
counter electrode was clamped to the working electrode, a 0.95 cm2 area of the SAM on 
gold, and then filled with an aqueous solution of 1 mM K3Fe(CN)6, 1 mM 
K4Fe(CN)6·3H2O and 10 mM Na2SO4. The measurements were made at an open circuit 
potential set at 450 mV with a 5 mV ac perturbation that was controlled from 5.0 × 10−3 
to 2.0 × 105 Hz. SAM resistance and capacitance values were normalized to the area of 
the working electrode. All EIS measurements were carried out in triplicate and the results 
averaged together.    
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Chapter 6 
Summary and Conclusions 
 Chapter 3 described the design, synthesis and characterization of a new 
recognition site which is capable of forming self-assembled monolayers on a gold 
substrate.  The linker group used was a thioacetate protected 11-mercaptoundecanoic acid 
which binds to gold through the sulfur in the thioacetate group and the acid group was 
used to connect the linker group to the recognition site.  The recognition site was 
stoppered at one end using a 3,5-lutidine and connected to the linker group at the other 
end.  Thermodynamic studies were conducted, yielding equilibrium constants ranging 
from 27 in CH2Cl2 to 475 in MeNO2 using DB24C8 as the macrocycle.  SAMs of the 
system were formed and characterized. Evidence that the axle was successfully binding 
to gold was acquired, however, evidence that a [2]rotaxane SAM was formed was not 
seen.   
 Chapter 4 involves a redesign of the system in chapter 3 based on what was 
learned from the previous chapter. The pseudorotaxane design was changed to a slippage 
[2]rotaxane.  3/5-lutidine was replaced with cyclohexyl isonicotinate, a known slippage 
stopper for DB24C8.  The other end, which connects to the linker group was changed 
from 4-substituted to 3,5-substituted to act as a stopper group, forcing the macrocycle to 
thread on and off via slippage.  Kinetics and thermodynamics studies were conducted in 
order to determine the slippage properties of the system as well as its association 
constants.  The system showed low association and dissociation rates, with dissociation 
half-lives ranging from 90 days to a year and a half, and had higher equilibrium constants 
than seen in chapter 3 approaching 1400 in MeNO2.  The protecting group was changed 
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from thioacetate to diphenylmethyl in order to have a protecting group that can be 
removed more easily in order to prevent the presence of the acetate group from 
interfering with the SAM formation.  SAMs were formed using the free recognition site 
and the [2]rotaxane with DB24C8 and methoxy and propoxymethyl decorated versions of 
DB24C8.  The results all support the conclusion that the [2]rotaxane is incorporated into 
the SAM.  Afterwards, attempts to remove the macrocycle from the SAM using DMSO, 
leaving the recognition site, were conducted.  However, intercalation of DMSO in to the 
monolayer obscured the results and evidence that the macrocycle was being removed 
could not be obtained.     
 In order to improve the packing of the SAM, mixed SAMs were used.  After 
trying a few different co-adsorbates, it was found that 11-mercaptoundecanoic acid was 
the best choice as it is most soluble in acetonitrile, the solvent used for SAM formation.  
From there, mixed SAMS with the slippage stopper were formed, with and without the 
presence of the macrocycle.  It was seen that, as more MUA was added to the solution, 
the SAM appears to have more MUA incorporated into the monolayer. When attempting 
to remove the macrocycle from the mixed SAMs using DMSO, intercalation of it into the 
monolayer was still a prominent issue.   
 Overall, two different systems have been designed and synthesized based on the 
1,2-bispyridiniumethane recognition site.  Even though these systems were both capable 
of forming complexes with DB24C8 and forming SAMs on a gold substrate, they were 
not without their issues.   
 The first issue that arose was the sensitivity of the ethylene bridge in the 
recognition site.  When forming the recognition site, side reactions by way of elimination 
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or unwanted substitution reactions often occurred, resulting in loss of product.  Also, the 
exposure of this site to any amount of base, or even high temperatures, resulted in 
decomposition of the recognition site, as observed when attempting to remove the 
thioacetate protecting group.   
 The second major issue was solubility.  Since the recognition site was 2+ (4+ as 
the disulfide), it required a polar solvent, such as acetonitrile or nitromethane to dissolve 
it.  The alkyl chain however prefers non-polar solvents.  As a result, the choice of solvent 
that could be used for SAM formation was limited.  This also impacted the choice is co-
adsorbate for mixed SAMs in which a sufficiently polar group was required on the co-
adsorbate to bring the alkyl chain into solution well enough to form SAMs.   
 The next step in this work would involve a redesign of the recognition site, with 
the previously mentioned issues in mind.  There is another recognition site that has been 
recently developed in the Loeb group that would not suffer from these issues as 
significantly as the current design does.1  The basic design is shown in Figure 6-1, in 
which a benzimidizolium ion based recognition site is used.  This site is much more rigid 
and stable then the 1,2-bispyridinium ethane site and does not show a sensitivity to basic 
conditions.  Since this site is a only 1+, it does not suffer from solubility issues resulting 
from ion-pairing as significantly and will readily dissolve in solvents such as 
dichloromethane.  This system can be used for SAM formation by modifying the 
substitution at the R group(s) with a sulfur containing group  such as an alkane thiol or 
lipoic acid.  The system can exist in two basic forms, with the recognition site parallel 
(right) or perpendicular (left) to the gold substrate.     
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Figure 6-1 – The benzimidizolium based recognition site by Loeb and coworkers.1 
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